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Posttranslational modiﬁcationDynamic protein turnover through regulated protein synthesis and degradation ensures cellular growth, pro-
liferation, differentiation and adaptation. Eukaryotic cells utilize two mechanistically distinct but largely
complementary systems — the 26S proteasome and the lysosome (or vacuole in yeast and plants) — to effec-
tively target a wide range of proteins for degradation. The concerted action of the ubiquitination machinery
and the 26S proteasome ensures the targeted and tightly regulated degradation of a subset of commonly
short-lived cellular proteins. Autophagy is a distinct degradation pathway, which transports a highly hetero-
geneous set of cargos in dedicated vesicles, called autophagosomes, to the lysosome. There the cargo becomes
degraded and its molecular building blocks are recycled. While general autophagy randomly engulfs portions
of the cytosol, selective autophagy employs dedicated cargo adaptors to speciﬁcally enrich the forming
autophagosomes for a certain type of cargo as a response to various intra- or extracellular signals. Selective
autophagy targets a wide range of cargos including long-lived proteins and protein complexes, organelles,
protein aggregates and even intracellular microbes. In this review we summarize available data on cargo
recognition mechanisms operating in selective autophagy and the ubiquitin–proteasome system (UPS),
and emphasize their differences and common themes. Moreover, we derive general regulatory principles
underlying cargo recognition in selective autophagy, and describe the system-wide crosstalk between
these two cellular protein degradation systems. This article is part of a Special Issue entitled: Ubiquitin–
Proteasome System. Guest Editors: Thomas Sommer and Dieter H. Wolf.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Protein degradation is essential for protein homeostasis and cell
survival because it replenishes the amino acid pool for de novo protein
synthesis, allowing cells to adapt to their ever-changing intra and extra-
cellular environments. Recycled amino acids also contribute to energy
homeostasis by generating adenosine triphosphate (ATP) through the
central carbon metabolism, and serve as substrates for gluconeogenesis
in liver cells (reviewed in [1]). Furthermore, the irreversible degradation
of key regulatory proteins in a timely and spatially-regulated manner is
essential for processes like gene expression, cell cycle progression, DNA
replication and repair, apoptosis and cell differentiation.
Cells have evolved highly sophisticated proteolyticmachineries to de-
grade proteins into single amino acids. While prokaryotes (Archaea and
Actinobacteria) solely possess a low complexity proteasomal variant, eu-
karyotes contain amore complex 26S proteasome (reviewed in [2]) plus
a specialized intracellular compartment called the lysosome (or vacuole
in yeast and plants). Lysosomes and vacuoles contain hydrolytictin–Proteasome System. Guest
+41 44 633 1298.
eter).
rights reserved.enzymes that break down proteins, as well as lipids, carbohydrates
and nucleic acids to provide the cell with amino acids, fatty acids, sugars
and nucleosides, respectively. While lysosomes degrade proteins into
single amino acids, proteasomal protein turnover produces mainly
small peptides in the range of 3–25 amino acids, which are subsequently
digested into single amino acids by a giant ~6 MDa homo-oligomeric
protease called tripeptidyl peptidase (TPP) [3]. These small polypeptides
can also be taken up from the cytosol by the lysosomal transporter TAPL
(ABCB9) resulting in their lysosomal degradation [4].
2. The ubiquitin–proteasome system (UPS)
Cellular proteins are targeted for proteasomal degradation almost
exclusively through ubiquitination. In this process ubiquitin, a 76 amino
acid protein, is covalently attached to substrate proteins via an isopeptide
bond formed between the C-terminal glycine (G76) of ubiquitin and the
ε-amino group of a lysine within the target molecule or ubiquitin itself.
Ubiquitination is orchestrated by an enzymatic cascade comprising
an E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme(s)
and E3 ubiquitin ligase(s). Ubiquitin contains seven highly conserved
lysines (K6, K11, K27, K29, K33, K48 and K63), which are all used for
ubiquitin chain formation in vivo [5,6]. Additionally, the N-terminal
α-amino group in ubiquitin can also be used to build the so called linear
164 A. Schreiber, M. Peter / Biochimica et Biophysica Acta 1843 (2014) 163–181polyubiquitin chains. All possible eight ubiquitin linkages have been
detected in vivo by mass spectrometry [5,6]. Proteins can be modiﬁed
by a single ubiquitin moiety or by multiple ubiquitin molecules. If the
lysine(s) employed for ubiquitin conjugation reside only within the
substrate, this type of modiﬁcation is referred to as monoubiquitination
or multi-monoubiquitination. If, however, the lysine ε-amino group or
the N-terminal α-amino group employed for ubiquitin conjugation is lo-
cated within a substrate-linked ubiquitin, then the process is considered
as polyubiquitination. Different polyubiquitin linkages result in a variety
of polyubiquitin chains that encode different signaling properties due to
their distinct associated conformations, which are in turn deciphered by
a diverse set of ubiquitin binding domains (reviewed in [7,8]).
Targeting for proteasomal degradation is almost exclusivelymediated
through protein ubiquitination, and historically, it has been predomi-
nantly associated with K48-linked polyubiquitin chains [9,10]. However,
it emerged over the last decade that both unconventional polyubiquitin
chains as well as mono- or multi-monoubiquitination are sufﬁcient to
target proteins for degradation by the 26S proteasome [5,6,11,12].
2.1. Structure and function of the 26S proteasome
The 26S proteasome is a large ~2.5 MDa multisubunit protease
formed by the 20S proteolytic core and the 19S regulatory particle.
The 26S proteasome is highly abundant both in the nucleus and cyto-
sol where it rapidly degrades predominantly short-lived regulatory
proteins and thus governs central cellular signaling processes.
The atomic resolution structure of the eukaryotic 20S proteolytic
core revealed a stack of four hetero-heptameric rings that form a
central channel [13]. Each ring comprises seven different but highly
homologous alpha-type or beta-type subunits forming an alpha-
and a beta-ring, respectively. The two beta-rings assemble to face
each other while the alpha-rings bind at opposite ends of the beta-
ring sandwich [13]. In eukaryotes three of the beta-type subunits
comprise the different catalytic activities ranging from trypsin-like,
chymotrypsin-like to peptidyl–glutamyl–peptide bond hydrolyzing
activities [14]. The catalytic residues are located within the central
channel of the 20S core and are thus shielded from the surrounding
environment [13]. Access to the proteolytic core is restricted by the
N-termini of the alpha subunits [15,16].
In eukaryotes this entry gate is capped by the 19S regulatory par-
ticle at either end (double-capped) or only at a single end (single-
capped) [17]. The 19S particle regulates gate opening, serves as the
primary substrate recognition site, and promotes deubiquitination,
unfolding, and translocation of ubiquitin-labeled substrates [18–20].
The regulatory particle can be subdivided into two stable sub-
complexes commonly referred to as the base and the lid (Fig. 1A).
The lid consists of the non-catalytic subunits Rpn3, Rpn5–9 and
Rpn12 and the metalloprotease Rpn11, which allows recycling of
the substrate recognition tag, ubiquitin [18,21–23]. The base contains
the ubiquitin receptor Rpn13 [24] and the proteasome/cyclosome
(PC) repeat containing subunits Rpn1 and Rpn2 [25]. Moreover, the
base comprises a hetero-hexameric ring of six different but highly
homologous AAA + ATPase subunits (Rpt1–Rpt6), which catalyze
substrate unfolding and translocation into the proteolytic core. Access
to the proteolytic core is tightly connected to the nucleotide binding
state of the Rpt subunits [26]. Only in the ATP bound state can the
hydrophobic C-termini of Rpt2, Rpt3 and Rpt5 bind their cognate
binding sites between the alpha subunits of the 20S alpha-ring, thus
opening the narrow entry gate to allow substrate translocation into
the central channel [18–20]. Rpt5 has further been suggested to
bind polyubiquitin chains in an ATP hydrolysis-dependent manner
[27].
Rpn10 has been historically classiﬁed as a base subunit, however,
the recent structural subunit segmentation of the 19S regulatory
particle revealed that Rpn10 only contacts lid subunits [18,22,23]
and should hence be assigned to the lid sub-complex. Thus, boththe base and the lid possess the ability to bind substrates through
their associated ubiquitin receptors.
Additionally, the 26S proteasome also transiently interacts with
the non-essential deubiquitinases Ubp6 and Uch37 and the ubiquitin
shuttle receptors Rad23, Dsk2 and Ddi1 through the scaffolding sub-
units Rpn1 and Rpn2 (Fig. 1A) [18,28–32].
Knowledge of the precise subunit architecture of the 19S regulatory
particle not only elucidated the intricate protein interaction network
but also suggested a structural basis for substrate recognition and
processing [18,22,23]. Strikingly, the distance between the Rpn11
active site and either one of the ubiquitin receptors Rpn10 and Rpn13
(70–80 Å) is in a range that rationalizes the requirement for a K48-
linked tetra-ubiquitin chain, assuming substrate deubiquitination
without disengaging from the ubiquitin receptor and considering that
both Rpn10 and Rpn13 preferentially bind between two neighboring
ubiquitin moieties [18,21] (Fig. 1A and B). The structure also explained
why signiﬁcantly longer polyubiquitin chains might have increased
afﬁnity for the 26S proteasome since they can interact with both
ubiquitin receptors simultaneously, while keeping the most proximal
ubiquitin aligned in the Rpn11 active site (Fig. 1D). Based on the
distance between Rpn10 and Rpn13 (~90 Å) this would require at
least four more ubiquitin moieties adding up to a K48-linked octa-
ubiquitin chain [22]. Different ubiquitin chain linkages have different
conformations (reviewed in [7]). Hence, the requirement for a certain
chain length may vary depending on the chain linkage. K11-linked
polyubiquitin chains are another important proteasomal targeting sig-
nal [12] and have been shown to adapt a similar closed conformation
as K48-linked polyubiquitin chains implying that they might require a
similar number of ubiquitin moieties to allow stable ubiquitin receptor
binding and parallel ubiquitin cleavage. In contrast, K63-linked and
linear polyubiquitin chains adapt a more open conformation, which
might have a suboptimal spacing for recognition by the proteasome.
This might explain why these two polyubiquitin chain types are more
commonly found in proteasome-independent functions [6].
Proteasomal targeting is, however, no longer thought to be exclu-
sively restricted to polyubiquitin chains [5,6,9–12]. Over the last
decade it emerged that even mono- or multi-monoubiquitination
can target proteins for degradation by the 26S proteasome [33–36].
A function for mono- or multi-monoubiquitination in proteasomal
protein degradation can be explained by an alternative model, which
suggests that ongoing substrate translocation moves ubiquitinated
lysines from the ubiquitin receptor towards the Rpn11 active site,
resulting in their deubiquitination [18] (Fig. 1E).
In addition to a proteasome binding tag, substrates require an ex-
tended unstructured region for degradation by the 26S proteasome
[37,38]. This so-called initiation segment is the ﬁrst part of the substrate
sequence to be hydrolyzed [38]. In fact, in the context of multiprotein
complexes the ubiquitin tag and the disordered initiation segment do
not have to be on the same subunit [39]. Moreover, it is the presence
of the initiation segment rather than the ubiquitin tag that determines
which subunit will be degraded [39]. The minimal length for an
unstructured segment capable of initiating degradation has been esti-
mated to be between 24 to 34 amino acids or approximately 50 to
70 Å [37,38,40]. This is in good agreement with the reported distance
of about 60 Å between the AAA+ ATPase and the Rpn11 active sites
[18]. Intriguingly, it was recently reported that the length of the
unstructured region can determine whether proteasomal targeting
and subsequent degradation require mono- or polyubiquitination [34].
Monoubiquitination appears sufﬁcient for the degradation of predomi-
nantly unstructured polypeptides shorter than 150 amino acids, while
longer substrates require polyubiquitination [34].
3. Autophagy
The term autophagy refers to the highly complex intracellular pro-
cesses required to deliver cytosolic cargo for degradation in the lysosome
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Fig. 1. Structural organization of the 26S proteasome and ubiquitin-dependent substrate recognition. A) Schematic overview of the 26S proteasome with the 20S core in gray, base
in green and lid in pale pink. The approximate positions of the base subunits are indicated with the Rpt subunits collectively depicted as a barrel. Rpn1 can further bind the ubiquitin
shuttle receptors Rad23, Dsk2 and Ddi1 and the deubiquitinase Ubp6. Rad23 and Dsk2 compete for the same Rpn1 binding site. Rpn2 binds Rpn13, which in turn can bind the
deubiquitinase Uch37. The Rpn11 active site is indicated by a pink circle. Based on recent structural evidence Rpn10 is depicted as a lid subunit. The recognition of a
tetra-ubiquitinated substrate is shown utilizing Rpn13 as the ubiquitin receptor. The depicted conﬁguration allows binding of the two most distal ubiquitin moieties by the
ubiquitin receptor Rpn13 and simultaneous alignment and cleavage of the most proximal substrate-linked ubiquitin in the Rpn11 active site. B–E) Putative ubiquitin-dependent
substrate recognition modes. B) Similar substrate binding mode as depicted in (A), however, the Rpn10 ubiquitin interacting motif (UIM) is employed as an ubiquitin receptor.
C) Multi-polyubiquitinated substrate can bind both Rpn10 and Rpn13. D) Substrates comprising long polyubiquitin chains (more than eight ubiquitin molecules) may have higher
afﬁnity by simultaneously binding both ubiquitin receptors, while keeping the proximal ubiquitin aligned in the active site for deubiquitination. E) Alternative substrate binding
mechanism, which requires the engagement of an unstructured region (initiation segment) with the catalytic AAA+ ATPase ring to allow translocation of the polypeptide chain
resulting in substrate deubiquitination. Mono-, multimono- or polyubiquitination are required to establish substrate afﬁnity for the 26S proteasome. This binding mode does
not require simultaneous ubiquitin binding and deubiquitination.
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as autophagy, involves the formation of double-membrane vesicles,
so-called autophagosomes, which engulf portions of the cytoplasm and
then fuse with the lysosome. This releases the vesicle content into the
highly acidic and hydrolytic environment of the lysosome, and leads to
cargo degradation and subsequent retro transport of cellular building
blocks across the lysosomal membrane. Autophagy is induced as aresponse to intra- and extracellular stress conditions such as endoplas-
mic reticulum stress, oxidative stress, starvation, growth factor depletion
and osmotic stress.
There are two major types of autophagy: (1) bulk autophagy
(sometimes also referred to as general or non-selective autophagy)
and (2) selective autophagy.While bulk autophagy appears to randomly
sequester cytosolic content, selective autophagy requires cargo adaptors
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far selective autophagy has been shown to target and degrade:
1. intracellular pathogens such as bacteria, viruses and parasites
(xenophagy) [41–44],
2. entire organelles such as mitochondria (mitophagy) [45] and per-
oxisomes (pexophagy) [46,47],
3. parts of the endoplasmic reticulum (ER) upon induction of ER
stress (ER-phagy) [48],
4. a diverse set of protein complexes and enzymes including ribosomes
(ribophagy) [49], and the microRNA processing factor Dicer [50] as
well as the focal adhesion site localized Src kinase [51,52],
5. transient macromolecular structures such as the inﬂammasome
[53], the midbody and the midbody ring [54,55] and
6. aggregated and misfolded proteins such as alpha synuclein [33].
In Saccharomyces cerevisiae there is a related, non-degradative
biosynthetic pathway, referred to as the cytosol to vacuole targeting
(Cvt) pathway, which utilizes a similar mechanism as selective au-
tophagy to target the vacuolar resident enzymes — aminopeptidase
1 (Ape1) and α-mannosidase 1 (Ams1) — to the vacuole [56–60].
Cvt vesicles transport the oligomeric precursor forms of Ape1 and
Ams1 to the vacuolar lumen where their propeptides are cleaved,
thereby activating the hydrolases [61]. In addition, the Cvt pathway
also targets aspartyl aminopeptidase 4 (Ape4) [62] and the Ty1 trans-
poson [63]. In contrast to bulk autophagy the Cvt pathway is active
only under nutrient-rich conditions, while upon nutrient starvation
Cvt cargos are delivered to the vacuole by autophagosomes.
Finally, there are two other mechanistically different forms of au-
tophagy termed microautophagy and chaperone-mediated autophagy
(reviewed in [64] and [65] respectively). These two autophagy subtypes
do not require de novo synthesis of autophagosomes to transport cargo
to the lysosome or vacuole. During chaperone-mediated autophagy
Hsc70 recognizes cytosolic cargos via a pentapeptide motif (KFERQ).
Hsc70 togetherwith associated co-chaperones and the lysosomalmem-
brane protein type 2A (LAMP-2A) promote translocation of the cargo
across the lysosomalmembrane in order to facilitate cargo degradation.
In contrast, microautophagy requires the core autophagic machinery
similar to general and selective autophagy, but involves the formation
of lysosomal/vacuolar and endosomal membrane invaginations to de-
liver the cargo into the lumen of these organelles [66]. Microautophagy
can both be selective and non-selective and has been shown to con-
tribute to the degradation of peroxisomes (micropexophagy) [67]
and parts of the nucleus (piecemeal microautophagy of the nucleus
or micronucleophagy) [68,69].
Based on this highly diverse set of cargos, autophagy not only
plays a major role in cellular protein homeostasis but also in cell dif-
ferentiation [70,71], development [72], defense ([41,73], cell survival
and cell death [74]. Consequently, defects in autophagy are involved
in the development of human pathologies like cancer, inﬂammatory,
cardiovascular and neurodegenerative diseases [75].
3.1. The core autophagy machinery
More than 36 genes required for autophagy have been identiﬁed
in yeast and their number is likely to increase even further. The
corresponding gene products are collectively referred to as autoph-
agy related gene (Atg) proteins with a number specifying their pre-
cise identity. Bulk autophagy and selective autophagy require an
overlapping set of Atg proteins referred to as the core autophagic
machinery [76,77].
Autophagosome formation is a complex process that generally takes
place at the phagophore assembly site (PAS), a cellular dot-like struc-
ture that forms in the immediate vicinity of the vacuole in yeast and
the endoplasmic reticulum (ER) in mammals, which recruits core Atg
proteins in a highly ordered manner to allow de novo autophagosome
formation. Under nutrient-rich conditions the target of rapamycincomplex 1 (TORC1) phosphorylates and inactivates the Atg1 kinase
(ULK1 and ULK2 in higher eukaryotes). Starvation inactivates TORC1
allowing Atg1 to induce autophagy by phosphorylating target(s) that
are yet unknown.
Autophagy induction further requires Atg8, a ubiquitin-like pro-
tein that contains a C-terminal ubiquitin-like domain and a short
N-terminal extension (Fig. 2A). While there is only a single Atg8 pro-
tein in yeast, higher eukaryotes express multiple Atg8-like proteins.
For example, Homo sapiens encodes seven Atg8 homologs, which can
be subdivided into two families: the microtubule-associated protein
light chain 3 (MAPLC3; short name LC3) subfamily and the gamma-
aminobutyric acid receptor-associated protein (GABARAP) subfamily,
which contain three and four members, respectively (LC3A, LC3B,
LC3C, GABARAP, GABARAPL1, GABARAPL2/GATE16 and GABARAPL3).
Atg8 family members are covalently conjugated to the lipid phospha-
tidylethanolamine (PE) by an enzymatic cascade comprising the
E1 ubiquitin-like activating enzyme Atg7, the E2 ubiquitin-like conju-
gating enzyme Atg3 and the Atg5–Atg12–Atg16 complex, which has
been shown to accelerate transfer of Atg8 to PE [78–82]. Similar to
ubiquitin and other ubiquitin-like proteins, Atg8 is expressed as a lon-
ger precursor form requiring processing by the protease Atg4. Atg4
removes amino acids C-terminal to the Atg8 glycine, which is ultimate-
ly conjugated to PE [83]. Moreover, Atg4 replenishes the soluble Atg8
pool by delipidating Atg8 and thus releasing it from autophagosomes
[84]. Atg8 expression and lipidation is highly upregulated upon in-
duction of autophagy in yeast, and targets Atg8 predominantly to
the nascent autophagosomal membrane [84]. Once inserted into the
autophagosomal membrane, Atg8 triggers autophagosome expansion
and recruits downstream regulatory proteins such as Atg1 [85–87]
and Atg4 [83] (see Table 1). The coordinated action of the autophagy
core machinery results in autophagosome emergence from the
PAS, autophagosome maturation and ultimately its fusion with the
lysosome/vacuole.
3.2. Cargo binding in selective autophagy
Selective autophagy requires an additional set of proteins called
cargo adaptors that mediate selective cargo recruitment as a response
to different intra- and extracellular stimuli. Selective autophagy tar-
gets a wide range of cargos, including various organelles, intracellular
microbes and protein aggregates. Compared to proteasomal substrate
recruitment, cargo recruitment mechanisms in selective autophagy
are more diverse and substrate speciﬁc. Nevertheless, recognition of
ubiquitinated cargos via ubiquitin-binding domains is a common
theme between the 26S proteasome and selective autophagy [88] and
forms the major mechanism for substrate recruitment in selective
autophagy in higher eukaryotes. This is in stark contrast to ﬁndings in
yeast where all currently known cargo adaptors lack ubiquitin-binding
domains.
3.2.1. Cargo adaptors in selective autophagy
Cargo adaptors bind simultaneously to cargo and lipidated Atg8 or
Atg8 family members in order to selectively recruit the autophagy
machinery to induce autophagosome formation [88–90]. Based on
the identiﬁcation of various cargo adaptors over the last decade
(summarized in Table 1) common criteria for bona ﬁde cargo adap-
tors can be proposed:
(1) Cargo adaptors contain a short four amino acid motif, referred
to as LC3 interacting region (LIR) or Atg8 interacting motif
(AIM), which directly binds Atg8 or Atg8-family members
(see Section 3.2.2). Cargo adaptors might contain more than a
single LIR-motif (e.g. like Nbr1), which could increase cargo
adaptor afﬁnity for the forming autophagosome [91].
(2) Additionally, cargo adaptors contain protein-binding domain(s),
which directly interact with their cognate substrate(s). Some
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>GABARAPL1_HUMAN PDLDKRKYLVPSDL--TVGQFYFLIRKRIHLRPEDALFFFVNN-TIPPTSAT  90
>GABARAPL2_HUMAN VDIDKRKYLVPSDI--TVAQFMWIIRKRIQLPSEKAIFLFVDK-TVPQSSLT  90
>GABARAPL3_HUMAN PDLDRRKYLVPSDL--TDGQFYLLIRKRIHLRPEDALFFFVNN-TIPPTSAT  90
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Fig. 2. LIR-motif dependent adaptor binding to Atg8 and Atg8 family members. A) Crystal structure of S. cerevisiae Atg8 (top) bound to the Atg19 LIR-motif (the WEEL sequence is
represented as sticks; PDB 2ZPN) [100]. Comparison with ubiquitin (bottom, dark gray; PDB 1UBQ) reveals an extension N-terminal to the ubiquitin-like domain in Atg8. Both the
N-terminal extension (pink) and the ubiquitin-like domain (gray) contribute to LIR-motif binding. B) Multiple sequence alignment of Atg8 and Atg8 family members. Highlighted in
blue are the highly conserved basic amino acids, which have the potential to contribute to the binding of negatively charged amino acids in the +1 and +2 position as well as to
negatively charged amino acids N-terminal of the LIR consensus motif (W/Y/FxxL/I/V). C) A positive electrostatic potential of Atg8 (represented as a surface, positive charges are
blue) lines the Atg19 LIR-motif binding site and a small groove adjacent to the LIR-motif binding site, composed from the basic side chains of amino acids K46, R47 and K48. It sug-
gests a potential path for the sequence N-terminal of the LIR-motif, which commonly encodes at least a single negative charge or a phosphorylatable serine or threonine in the−1,
−2 or−3 position (see Table 1). (D) An identical view and electrostatic surface potential is shown for LC3B bound to the p62 LIR-motif (DDWTHLS; PDB 2ZJD) [116] and (E) for
GABARAP bound to the calreticulin derived LIR-motif containing peptide (DWDFLPP; PDB 3DOW) [187].
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linked to their respective cargo by forming part of the outer
membrane of the cargo organelle (e.g. Nix and Atg32; see
Table 1 and Fig. 6A). Such cargo adaptors do not require speciﬁc
cargo-binding domains.
(3) Cargo adaptors are generally degraded together with their cargo
within the lysosome/vacuole.
(4) Cargo adaptor deletion does not affect bulk autophagy (see
Section 3.2.7) and should not impair degradation of other non-
cognate cargos.
In yeast, the Atg8–cargo adaptor interaction is not sufﬁcient to pro-
mote autophagy, but also requires the ability of cargo adaptors to bind
Atg11 (see Table 1 and Fig. 6A). Atg11 is required for both selective au-
tophagy and the Cvt pathway. It has been shown that interfering with
the cargo adaptor–Atg11 interaction results in severe defects in the
Cvt pathway [92] and mitophagy [93]. Atg11 binding to cargo adaptors
is not affected when their LIR-motif is mutated [90], implying that
Atg11 interacts with cargo adaptors independently of Atg8. Consistentwith this notion, Atg8 and Atg11 use distinct binding sites in the cargo
adaptors Atg19 and Atg34 (see Fig. 4). In turn, Atg11 has been shown
to bind Atg9, a transmembrane protein present in vesicles derived
from the Golgi network that then fuse to form the PAS and ultimately
become part of the outer autophagosomal membrane [94,95]. Thus,
Atg11 may function as a central PAS organizer during selective autoph-
agy and the Cvt pathway, most likely by linking cargo adaptors and
bound cargo to the forming autophagosomal membrane.
Based on its primary amino acid sequence and domain architec-
ture, Atg11 does not have a bona ﬁde homolog in higher eukaryotes.
However, the scaffolding protein ALFY (WDFY3) might act as a func-
tional Atg11 homolog in mammals since it has been shown to link
the cargo adaptor p62 to the core autophagy machinery [96]. ALFY
binds Atg5 through its WD40 domain and phosphatidylinositol
3-phosphate (PI3P) via its C-terminal FYVE zinc ﬁnger domain [96],
while the PH-like and BEACH domains of ALFY both contribute
to p62 binding [97]. Deletion of ALFY results in severely decreased
clearance of inclusion bodies without affecting starvation-induced
bulk autophagy [96].
Table 1
LIR-motif containing Atg8 interacting proteins.
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lators such as S. cerevisiae Atg1 [85,86] and its mammalian homolog
Ulk1 [85,87]. Atg1/Ulk1 is not known to function as a classical cargo
adaptor but rather recruits other autophagy-related proteins as part
of a multisubunit protein complex to the PAS. The resulting Atg1 deg-
radation is speculated to form part of a feedback loop, which would
downregulate Atg1 levels and thus stop the autophagic response to
prevent cell death [85,98].
Interestingly, LIR-motifs are also found in the E2-ubiquitin-like
conjugating enzyme Atg3 [99] and the Atg8-speciﬁc protease Atg4B
[83] (see Table 1). Atg8 binding may enhance their enzyme–substrate
afﬁnity and thus control Atg8 processing and its conjugation to PE.
3.2.2. Cargo adaptor binding to Atg8 family members
The LIR-motif (W/Y/FxxI/L/V) is a four amino acid sequence com-
posed of an aromatic amino acid at the ﬁrst position and a bulky
hydrophobic amino acid at the fourth (+3) position, making it very
hard to predict LIR-motifs bioinformatically without further con-
straints. The two signature residues bind two hydrophobic pockets
in Atg8. The aromatic side chain docks into a pocket formed by the
short N-terminal extension and the ubiquitin-like domain, and the
bulky hydrophobic residue in the +3 position ﬁts into a pocket ex-
clusively formed by the C-terminal ubiquitin-like domain (Fig. 2C–E).
The two amino acids in between the two signature amino acids
(‘x’ in the consensus motif W/Y/FxxI/L/V and in this review referred
to as +1 and +2 positions; see Table 1) had been considered ran-
dom. However, close structural and sequence analysis of known
LIR-motifs, particularly in the yeast S. cerevisiae revealed a striking
bias towards negatively charged residues (see Table 1). This is due
to two positively charged residues in Atg8, R67 and R28 (K30 and
K49 in LC3 respectively), whose side chains interact with the nega-
tively charged residues in the +1 and +2 positions [100] (Fig. 2).
In yeast and higher eukaryotes, amino acids preceding the
LIR-motif are signiﬁcantly enriched for negatively charged residues,
serines and threonines. There is accumulating mass spectrometry
data that residues N-terminal and in close proximity to the LIR-
motif become phosphorylated, as for example the xenophagy cargo
adaptor optineurin [73] (Table 1; also see Section 3.2.5). Phosphoryla-
tion allows the conversion of polar uncharged side chains into
negatively charged residues increasing the proportion of negative
charges N-terminal of the LIR-motif. It has been speculated that
these negative charges may play a role in cargo adaptor binding to
Atg8 family members most likely by increasing the cargo adaptor
afﬁnity. The preference for negatively charged side chains could be
rationalized by available structures of Atg8 and Atg8 family member,
which revealed a highly basic groove in the immediate vicinity
N-terminal of the LIR-motif binding site formed by lysine 46, arginine
47 and lysine 48 in Atg8 (Fig. 2C). The basic character of the amino
acids lining this groove is highly conserved among Atg8 family mem-
bers, emphasizing the importance of this surface (Fig. 2B–E). Residues
corresponding to Atg8 K46 and K48 are conserved throughout Atg8-
family members, whereas R47 is only conserved in the GABARAP
subfamily (Fig. 2B). However, in the LC3 subfamily the positive charge
is instead contributed by another arginine side chain (R10 in LC3A
and LC3B), which is conserved only in the LC3 subfamily, creating a
similar charge distribution across the surface (Fig. 2D).
Phosphorylation close to the LIR-motif may regulate binding of
Atg8 to cargo adaptors or may allow a differential autophagic re-
sponse by increasing the afﬁnity. Recently, it has been shown that
phosphorylation sites N-terminal of the LIR-motif in optineurin do
not signiﬁcantly change the binding mode. However, they change
hydrogen bond formation and increase cargo adaptor afﬁnity [73].
To date only a few phosphorylation sites N-terminal of LIR-motifs
have been described (Table 1). Posttranslational modiﬁcations rele-
vant to autophagy are currently most likely underrepresented, since
target proteins have a relatively short half-life due to their rapiddegradation and are furthermore trapped in a membranous microen-
vironment, complicating analysis by mass spectrometry.
Interestingly, the tyrosine in the ﬁrst position of the LIR-motif of
FUNDC1 (18-YEVL-21; see Table 1) is phosphorylated by Src kinase
[101], which prevents binding of LC3 and GABARAP. Hypoxic condi-
tions induce dephosphorylation of tyrosine 18 in FUNDC1, which
allows LC3 and GABARAP binding and thus promotes removal of aber-
rant and fragmented mitochondria in human cells. These ﬁndings
demonstrate that phosphorylation and dephosphorylation of a single
tyrosine can regulate selective autophagy, and it will thus be impor-
tant to determine whether other cargo adaptors with a tyrosine as
the aromatic amino acid in the LIR-motif (e.g. Nbr1) are regulated
in a similar fashion.
Recently, a novel non-canonical LIR-motif composed of three
successive hydrophobic amino acids (134-LVV-136; see Table 1) has
been identiﬁed in the substrate adaptor NDP52 [102]. NDP52 binds
speciﬁcally LC3C, since only the LIR-motif binding pocket of LC3C
provides the right combination of side chains to compensate for the
lack of the aromatic residue in the NDP52 LIR-motif [102].
So far cargo adaptors have been identiﬁed for most selective
autophagy pathways but not for micronucleophagy, ER-phagy and
ribophagy. It remains to be discovered whether further selective
autophagy cargos exist. Likewise, currently unidentiﬁed cargo adap-
tors may exist, which function either in novel selective autophagy
pathways or potentially redundantly in already well-characterized
types of selective autophagy like for example during mammalian
mitophagy.
3.2.3. Ubiquitin-dependent cargo recruitment in autophagy
Similar to the ubiquitin proteasome system, substrate ubiquitination
serves as a commoncargo recognition signal in selective autophagy, and
has been implicated as a speciﬁc degradation signal to target mitochon-
dria (Section 3.2.6), protein aggregates (see Section 3.2.4), intracellular
pathogens (see Section 3.2.5) and macromolecular assemblies such as
the mid-body and inﬂammasome [53,55]. Interestingly, attachment of
a single ubiquitin molecule to normally long-lived cytoplasmic proteins
or to organelles has been shown to result in p62-dependent autophagic
degradation [103] (see also Section 3.2.4). However, in contrast to
proteasomal degradation, selective autophagy is thought to degrade
the cargo together with its ubiquitin tag and other associated proteins
such as cargo adaptors.
Surprisingly, cargo recognition via ubiquitin has so far only been
shown in higher eukaryotes and evidence for a related mechanism
in yeast is currently lacking. Indeed there is no cargo adaptor that
contains a detectable ubiquitin-binding domain (see Table 1). Instead
organelles targeted by a ubiquitin-dependent mechanism in higher
eukaryotes may be recognized in yeast by organelle-speciﬁc mem-
brane proteins (see Sections 3.2.6 and 3.2.8).
Interestingly, while cargo ubiquitination has been exclusively
linked to target degradation, there is emerging evidence in yeast that
ubiquitination may also exhibit a so far uncharacterized negative regu-
latory function in selective autophagy. Deletion of the deubiquitinases
Ubp3 has been shown to inhibit the selective degradation of excess
ribosomes [49], implying that ubiquitination of a currently unknown
target might interfere with ribophagy.
3.2.4. Cargo adaptors in selective autophagy of aggregates
Ubiquitin has been shown to mark protein aggregates and
misfolded proteins, which based on their size, structure and com-
plexity, cannot be efﬁciently processed by 26S proteasomes. To
prevent the accumulation of potentially harmful structures, cells
use both bulk and selective autophagy as a means to target large
ubiquitin-labeled aggregates to the lysosome in order to avoid cell
damage or even cell death [104–106]. Indeed, blocking both bulk
and selective autophagy leads to the accumulation of ubiquitinated
protein aggregates, which in turn results in cell toxicity as shown
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mice [107,108].
In higher eukaryotes two cargo adaptors contribute to the selec-
tive removal of misfolded proteins or aggregates by autophagy: p62
[109–111] and Nbr1 [91]. Both p62 and Nbr1 contain a ubiquitin-
binding domain at their extreme C-termini, which allows recognition
of polyubiquitinated proteins [112]. Interestingly, the p62 ubiquitin-
associated (UBA) domain recognizes K63- andK27-linked polyubiquitin
chains in the context of mitochondria [113] (see Section 3.2.6). More-
over, phosphorylation of the p62 UBA domain at serine 403 by casein
kinase 2 strongly enhances the afﬁnity between the p62 UBA domain
and K63-linked polyubiquitin chains, revealing a novel regulatory role
for protein phosphorylation in selective autophagy [114]. Phosphoryla-
tion of the UBA domain also enhances the afﬁnity of p62 for K48-linked
polyubiquitin chains [114], while the effect on ubiquitin binding has not
been tested for K27-linked polyubiquitin chains. However, even in the
phosphorylated state p62 still retains signiﬁcantly higher afﬁnity for
K63 compared to K48-linked polyubiquitin chains [114], which is
almost undetectable in the absence of serine 403 phosphorylation.
In contrast, the UBA domain of Nbr1 has afﬁnity for both K63- and
K48-linked polyubiquitin chains [91], and no phosphorylation has
been reported. Interestingly however, it has been proposed that Nbr1
might undergo a conformational change in order to expose its UBA
domain, since the afﬁnity of the Nbr1 UBA domain for polyubiquitin
chains is strongly reduced in the context of full length Nbr1 [91].
Taken together, p62 and Nbr1 may recognize protein aggregates deco-
rated predominantly with K48- or K63-linked polyubiquitin chains.
The N-terminal PB1 domain of p62 has the potential to self-
oligomerize, creating an aggregate-like structure, which binds
ubiquitinated cargos via its UBA domains [110,115]. In contrast to
p62, Nbr1 oligomerizes via its coiled-coil domain (CC1; see Table 1)
[91]. In addition to homo-oligomerization, Nbr1 and p62 can also
hetero-oligomerize with each other or with other PB1 domain-
containing proteins [115]. Since both Nbr1 and p62 also contain
LIR-motifs proximal to their UBA domains [91,100,116,117], the
aggregate-like structure comprising cargo and cargo adaptors is se-
lectively recruited to forming autophagosomal membranes, resulting
in aggregate incorporation into autophagosomes and their delivery
to and subsequent degradation in the lysosome. NMR spectroscopy
revealed that residues 335–345 in p62 contribute the main interac-
tion with LC3B [100]. This stretch comprises a canonical LIR-motif
(338-WTHL-341) and further emphasizes the importance of the
amino acids immediately N- and C-terminal of the LIR-motif (see
Section 3.2.2). Nbr1 employs a LIR-motif N-terminal of its UBA
domain (‘LIR1’; see Table 1), which interacts with Atg8 family mem-
bers from both the GABARAP and LC3 subfamily. There is a second
less-well deﬁned LIR-like sequence (amino acids 542–636; ‘LIR2’ —
see Table 1) between the two coiled-coil domains of Nbr1. This region
comprises two LIR-motif consensus sequences (563-FELL-566 and
616-FKAL-619), which may account for Nbr1's residual afﬁnity for
Atg8 family members upon deletion of LIR1 [91].
3.2.5. Cargo adaptors in selective autophagy of bacteria and viruses
Pathogens such as Salmonella typhimurium, Streptococcus pyogenes,
Listeria monocytogenes, Mycobacterium tuberculosis or Shigella ﬂexneri
can enter eukaryotic cells by the endocytic pathway and accumulate
within the cytosol in so-called pathogen-containing vacuoles. There
they can proliferate and evade recognition by the autophagic machin-
ery. However, a small portion of those pathogens can escape from
their dedicated vacuoles and enter the cytoplasm. Exposure to the cy-
toplasm results in rapid ubiquitination of bacterial coat proteins [118],
which serves as a recognition signal for the autophagic machinery
[119,120,41,42,73]. The exact proteins modiﬁed by ubiquitin and the
E3 ubiquitin ligase(s) that catalyze(s) ubiquitination are unknown.
However, recent evidence suggests that in the case of M. tuberculosis,
extracellular bacterial DNA, which is released upon permeabilizationof the phagosomal membrane by the ESX-1 secretion system, triggers
ubiquitination of bacteria via the STING-dependent cytosolic DNA
sensing pathway [43].
Cytosolic ubiquitinated bacteria are recognized by the interplay
of three different cargo adaptors: NDP52 [42,102], optineurin [73]
and p62 [43,120]. All three cargo adaptors use different types of
ubiquitin-binding domains at their C-termini to capture ubiquitinated
cytosolic bacteria and link them to forming autophagosomes (see
Table 1 and below).
Optineurin was identiﬁed as a cargo adaptor required for selectively
targeting S. typhimurium for autophagy [73]. Optineurin is recruited
to ubiquitinated bacteria by it C-terminal UBAN domain [73]. The
UBANdomain in optineurin has no afﬁnity formonoubiquitin, however,
it efﬁciently binds linear polyubiquitin chains [73] similar to the UBAN
domain in the optineurin homolog NEMO [121]. The UBAN domain is
followed by a zinc ﬁnger at the extreme C-terminus, whose function
and ubiquitin-binding properties are currently unknown.
Optineurin further contains a LIR-motif between its ﬁrst two
N-terminal coiled-coil domains (178-FVEI-181), which was shown
to mediate binding to Atg8 family members (see Table 1). Optineurin
is phosphorylated in vivo at all ﬁve serine residues N-terminal to the
LIR-motif (pS170p [122], pS171 [122], pS173 [122], S174 [122,123]
and pS177 [73,123,124]) with serine 177 being phosphorylated by the
optineurin-associated Tank binding kinase 1 (TBK1) [73,125], which
is activated by the presence of cell wall components of Gram negative
bacteria such as lipopolysaccharides. Phosphorylation of optineurin at
serine 177 signiﬁcantly enhances binding between optineurin and
Atg8 family members, and this binding afﬁnity is further increased if
all ﬁve serines N-terminal of the LIR-motif are phosphorylated [73].
Unexpectedly, mutation of the ubiquitin-binding site in the UBAN
domain interfered with binding of optineurin to autophagosomes
[73], which had been assumed to depend only on the optineurin
LIR-motif. This is consistent with recent ﬁndings that full TBK1 kinase
activity requires optineurin binding to ubiquitin [125,126]. Enhanced
TBK1 kinase activity in turn stimulates clearance of cytosolic bacteria
by promoting optineurin phosphorylation at serine 177 [126]. Such
substrate-driven activation of cargo adaptors prevents the blocking of
cargo adaptor binding sites on the forming autophagosomal membrane
by cargo-free cargo adaptors and protects them from degradation.
The cargo adaptor NDP52, shown to bind both Gram-negative and
Gram-positive bacteria [42,43], comprises a C2H2 ubiquitin-binding
zinc ﬁnger (UBZ) at its extreme C-terminus that is required for its
translocation to ubiquitin-coated bacteria [42]. NDP52 exclusively
binds LC3C via a non-canonical LIR-motif (134-LVV-136; see also
Section 3.2.2) between its N-terminal SKICH domain and the central
coiled-coil domain. The NDP52 SKICH domain binds the TBK1-binding
proteins Nap1 and Sintbad (TBKBP1). Based on the constitutive interac-
tion of Nap1 and Sintbad with the TBK1 kinase [127], NDP52 also re-
cruits TBK1 to ubiquitinated bacteria similar to optineurin [73]. Since
both optineurin and NDP52 are recruited to the same microdomains
on ubiquitin-coated bacteria [42], it is likely that NDP52-bound TBK1
also contributes to the phosphorylation of the optineurin LIR-motif in
trans and thus further enhances the autophagic response.
Persistent NDP52 binding to the bacterial ubiquitin coat via
its UBZ domain is only a secondary response in the removal of cyto-
solic bacteria. NDP52 is initially recruited to damaged pathogen-
containing vacuoles through its transient interaction with galectin-8,
a β-galactoside-binding lectin, which marks ruptured pathogen-
containing vacuoles by recognizing host glycan molecules [41].
NDP52 binds galectin-8 via a region between the coiled-coil and
C-terminal ubiquitin-binding domain spanning amino acids 370–393
[41]. NDP52 binding to galectin-8 strongly enhances the selective
autophagic response during bacterial invasion [41]. This might result
from two effects during the initial stages of infection when NDP52
binding via ubiquitin is hardly detectable [41]: (1) The immediate
targeting of pathogens to autophagosomes through galectin-8 bound
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binds the cargo adaptor optineurin [125] thereby amplifying the re-
sponse. This allows an early antibacterial response even in the absence
of a strong ubiquitin signal on bacteria during early stages of bacterial
invasion.
Interestingly, optineurin, NDP52 and p62 can all be found simulta-
neously on the same bacterium [73]. While NDP52 and optineurin
bind the same microdomains on the bacterial ubiquitin coat [73], p62
occupies separate areas on bacteria [73,119], implying differential
ubiquitin marks on cytosolic bacteria, which are selectively recognized
by the different ubiquitin binding domains (see above). Recently,
ﬂuorescence-based sensors revealed that cytosolic Salmonella are in-
deed decorated with both linear and K63 linked polyubiquitin chains
[128]. Moreover, recent studies of M. tuberculosis ubiquitination also
identiﬁed K48-linked polyubiquitin chains, albeit to a lesser extent
compared to K63 linked polyubiquitin chains [43]. Based on a localiza-
tion pattern similar to optineurin, it can be speculated that the NDP52
ubiquitin-binding zinc ﬁnger (UBZ) may also bind linear polyubiquitin
chains, at least in the context of cytosolic bacteria.
Selective autophagy also targets genetically different viruses such as
the double-strand DNA herpes simplex virus and the positive-strandNix
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ubiquitin ligase SMURF1 [44,129]. Both p62 and SMURF1 have been
shown to co-immunoprecipitate with Sindbis virus capsid proteins
[44]. SMURF1 is, however, not required for the interaction of Sindbis
virus capsid protein and p62 and thus most likely functions indepen-
dently [44]. The E3 ligase activity of SMURF1 is not required for
mitophagy (see Section 3.2.6). Therefore, it remains to be investigated
whether it plays a role in selective autophagy of viruses. It is possible
that virus degradation may rather rely on the N-terminal C2 domain
of SMURF1, which has been shown to directly bind autophagosomal
membranes [44].
3.2.6. Cargo adaptors in mitophagy
Mitochondria are essential organelles that supply eukaryotic cells
with the necessary energy. However, as a by-product of energy produc-
tionmitochondria generate reactive oxygen species, which cause oxida-
tive damage over time. Thus, selective autophagy pathways have
emerged to recognize and speciﬁcally dispose of damaged mitochon-
dria in the lysosome or vacuole — a process referred to as mitophagy
(Fig. 3). In addition to this quality control function, selective clearance
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brane protein,which has been identiﬁed tomediatemitophagy in blood
reticulocytes [70,71]. Nix contains a LIR-motif in its cytosolic N-terminal
domain,whichmediates its interactionwith the autophagosomalmem-
brane by directly binding Atg8 family members [130]. Nix interacts
with LC3A, GABARAP, GABARAPL1 and GABARAPL2, but only weakly
with LC3B [130,131]. Interestingly, Nix deﬁcient cells can no longer
reduce their mitochondrial membrane potential during erythroid
maturation, thereby preventing mitophagy [70]. This defect is rescued
by uncoupling agents [70], implying that there are alternative mecha-
nisms which promote mitophagy in Nix-deﬁcient cells upon depolari-
zation of the mitochondrial membrane. Hence, in addition to a direct
function in mitophagy by recruiting Atg8, Nix is also required to induce
mitochondrial depolarization, which in turn inactivates mTORC1 sig-
naling and thus induces autophagy [132]. Based on this function Nix
has been shown to signiﬁcantly contribute to an alternative cargo rec-
ognition pathway, which involves the cooperative action of Pink1 and
Parkin to catalyze the ubiquitination of outer mitochondrial membrane
proteins, which are in turn recognized by the cargo adaptor p62 [132].
While Nix mediated mitophagy targets mitochondria irrespectively
of their damage to allow for the complete removal of mitochondria
from erythrocytes, this alternative pathway selectively targets damaged
mitochondria [132–134]. Since the outer mitochondrial membrane
protein Pink1, a serine/threonine kinase, functions upstream of the
cytosolic E3 ubiquitin ligase Parkin [135], depolarized mitochondria
need to recruit Pink1 speciﬁcally to damaged mitochondria. Currently,
it is thought that Pink1 is constitutively degraded, but mitochondrial
damage increases the half-life of Pink1 on mitochondria, leading
to the preferential recruitment of Parkin to damaged mitochondria
[136,137]. To date it is still unclear which proteins contribute to the
removal of Pink1 from the outer mitochondrial membrane. Like the
extraction of mitofusin proteins from the autophagosomal membrane,
it is conceivable that p97 (VCP) and the ubiquitin–proteasome system
may play a role in Pink1 extraction [138]. Pink1 has been suggested to
both bind and phosphorylate Parkin [113,139–142]. Once Parkin is
recruited to themitochondrialmembrane its E3 ligase activity is strong-
ly enhanced [137], perhaps through Pink1-mediated Parkin phosphory-
lation. At least three mitochondrial proteins are ubiquitinated in a
Parkin-dependent manner in mammalian cells: mitofusin 1, mitofusin
2 [138,143], and the voltage-dependent anion-selective channel protein
1 (VDAC1) [113]. Moreover, Nix is also ubiquitinated [144], but it is
currently unclear whether ubiquitination is mediated by Parkin and
whether it has a direct role in mitophagy. Parkin predominantly cata-
lyzes K63-linked polyubiquitin chain formation on its substrates in
vivo [128]. Consistently, it has been shown that only K63 and K27 single
lysine ubiquitin mutants can promote mitophagy to a similar level as
wild type ubiquitin. Moreover, ﬂuorescence-based ubiquitin sensors
failed to detect linear ubiquitin chains on mitochondria after induction
of mitophagy [128]. This implies that only K63 and K27 linked
polyubiquitin chains are formed onmitochondria,most likely by Parkin,
which ultimately facilitates mitochondria recognition by the cargo
adaptor p62 [113]. Interestingly, K63-linked polyubiquitin chains also
play a role in Parkin translocation to mitochondria [113].
Ubiquitination of mitochondria has been suggested to fulﬁll two
functions: (1) recruitment of the cargo adaptor p62 and (2) proteasomal
degradation of mitofusin proteins, which promotes mitochondrial
fragmentation and is thus a prerequisite for mitophagy. Mitofusin deg-
radation further prevents the fusion of depolarized mitochondria with
healthy mitochondria, isolating damaged mitochondria for autophagic
degradation.
Recently, the outer mitochondrial membrane protein FUNDC1 was
shown to function as a mitophagy cargo adaptor under hypoxic condi-
tions [101]. Phosphorylation of the aromatic tyrosine residue in the
LIR-motif (18-YEVL-21; see Table 1) by Src kinase prevents FUNDC1
binding to LC3A, LC3B, GABARAP and GABARAPL2 [101]. Hypoxia-
induced dephosphorylation of tyrosine 18 promotesmitophagy, therebyadjusting mitochondrial numbers and ensuring mitochondrial quality
control [101].
Higher eukaryotes encode anothermitochondrial outermembrane
protein BNIP3, which also contributes to mitophagy in mammalian
cells [145,146]. BNIP3 is a homolog of Nix (also called BNIPL3) and
its expression is strongly induced by hypoxic conditions. BNIP3
binds LC3B but not GABARAP through its N-terminal LIR-motif
(18-WVEL-21) [145,146] and both homodimerization of BNIP3 and
phosphorylation of serines 17 and 24 by a currently unknown kinase
have been shown to be important for its function as a cargo adaptor
in hypoxia-induced mitophagy [145,146].
Adding to the list of mitophagy cargo adaptors, an image-based
genome-wide siRNA screen further identiﬁed the cytosolic HECT-
type E3 ubiquitin ligase SMURF1 not only as a critical factor for selec-
tive autophagy of viruses, but also as a factor involved in mitophagy in
murine embryonic ﬁbroblasts [44]. Indeed, cells depleted for SMURF1
showed similar defects as siRNA-targeting of p62 and Atg7 [44]. Inter-
estingly, the function of SMURF1 in mitophagy is independent of its
E3 ubiquitin ligase activity but depends on its N-terminal C2 domain
[44]. C2 domains are generally involved in binding phospholipids
and thereby target proteins to the plasma membrane or other cellular
compartments. Since C2-domain deletion mutants of SMURF1 are
still efﬁciently recruited to damaged mitochondria but can no longer
link mitochondria to forming autophagosomes, the C2 domain
most likely establishes the contact between the autophagosomal
membrane and SMURF1 [44]. It is currently unclear which part of
SMURF1 contacts mitochondria. Since neither the HECT nor the C2 do-
main participate in mitochondria binding, it is likely that the amino
acid sequence between the N-terminal C2 and the C-terminal HECT
domain (100–419) binds mitochondria either directly or indirectly.
This sequence stretch encodes two WWP domains, which generally
bind proline-rich, phospho-serine or phospho-threoninemotifs, raising
the possibility that phosphorylation plays a regulatory role in SMURF1
mediated mitophagy.
Neither Nix nor Pink1 and Parkin have homologs in yeast. Hence,
different pathways mediate mitophagy in lower eukaryotes (Fig. 3).
In S. cerevisiae, mitophagy requires the integral membrane protein
Atg32, whose N-terminus faces the cytosol, while its C-terminus
occupies the mitochondrial intermembrane space [90]. Atg32 expres-
sion is upregulated upon mitophagy-inducing conditions [93,90]
and, as is characteristic for yeast cargo adaptors, binds both Atg11
[90,147,148] and Atg8 [90,93]. The Atg32–Atg8 interaction is mediated
by a highly conserved LIR-motif within the N-terminal domain of Atg32
(86-WQAI-89) [90,93]. Atg11 contacts Atg32 in close proximity to
its LIR-motif, between amino acids 100 and 120, via its coiled-coil
containing C-terminus [149]. Interestingly, Atg32 is phosphorylated at
serine 114 and serine 119 upon mitophagy-inducing conditions, with
phosphorylation of serine 114 being essential for the Atg11 interaction
without affecting Atg32–Atg8 binding [149]. Currently it is unclear
whether local phosphorylation of serine 114 contributes to the selective
targeting of only damaged or aged mitochondria.
Genetic screens in S. cerevisiae also identiﬁed a second protein,
Atg33. Deletion of Atg33 partially inhibits mitophagy under starva-
tion conditions and almost completely blocks mitophagy during
post-log phase similar to Atg32. Atg33 is a mitochondrial multi-pass
membrane protein, and based on its amino acid sequence it contains
a single putative LIR-motif (105-YSKV-108) within its cytosolic
portion. Interestingly, the LIR-motif is in close proximity to a highly
phosphorylated region centered around serine 127 [150,151]. This re-
gion is similar to an amino acid sequence in Atg32, which binds Atg11
upon phosphorylation [149]. Although a direct interaction of Atg33
with Atg8 and Atg11 has not been experimentally shown, it can be
speculated that Atg33 also functions as a cargo adaptor in mitophagy.
However, Atg33 and Atg32 may be differentially regulated to target
distinct subsets of mitochondria or promote selective autophagy
under different conditions.
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brane associated protein Uth1 [152] and the protein phosphatase
Ptc6 (Aup1) [153] also contribute to mitophagy under certain condi-
tions, however, their precise function is still unknown. While Uth1
would be in a location to directly interact with the core autophagic
machinery, Ptc6 is conﬁned to the mitochondrial intermembrane
space [153].
3.2.7. Cargo binding in the cytoplasm to vacuole targeting pathway
Yeast cells use a specialized biosynthetic transport pathway,
the cytoplasm to vacuole targeting (Cvt) pathway, which selectively
targets the precursor forms of the vacuolar resident enzymes amino-
peptidase 1 (Ape1) and α-mannosidase 1 (Ams1) as well as aspartyl
aminopeptidase 4 (Ape4) and the retrotransposon Ty1 to the vacuole
([62,63] and reviewed in [77,154]). Mechanistically and morphologi-
cally, the Cvt pathway can be considered as a selective type of au-
tophagy, since it utilizes the core autophagic machinery and employs
similar principles for cargo recruitment as other types of selective
autophagy [58,60].
Both Ape1 and Ams1 are synthesized as precursor forms in the
cytoplasm where they homo-oligomerize into higher order struc-
ture [61]. The cargo adaptors Atg19 or Atg34 recognize those struc-
tures and mediate their incorporation into so-called Cvt vesicles,
which are generally smaller compared to autophagosomes. Atg19
binds both Ape1 and Ams1 under nutrient-rich conditions and there-
by facilitates their transport to the vacuole where the Ape1 and Ams1
propeptides are cleaved in order to activate both hydrolases. Atg19
can bind both preApe1 and Ams1 through two non-overlapping
binding sites [155] (Fig. 4), and hence, Cvt vesicles can transport
Ape1 and Ams1 simultaneously. Atg19 is thought to recognize the
Ape1 propeptide, since preApe1 binding is propeptide-dependent
[156]. Upon starvation Atg19 can still bind the Ape1 dodecamer, how-
ever, it can no longer support transport of Ams1 to the vacuole, which
is instead accomplished by the cargo adaptor Atg34 [157]. Both Atg19
and Atg34 bind Atg11 via their extreme C-termini, thus facilitating
transport of the Cvt-complex to the site that will become the PASAtg19
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Fig. 4. Cvt cargo adaptors Atg19 and Atg34. Atg19 binds both preApe1 and Ams1 under
both nutrient-rich and starvation conditions, while Atg34 binds Ams1 only under star-
vation conditions. The Atg19 preApe1 binding site is located within the coiled-coil do-
main (amino acids 160–187) of Atg19. Both cargo adaptors bind Atg8 via a C-terminal
LIR-motif and Atg11.[92,157,158]. Once at the PAS, Atg11 is thought to be released from
the Cvt-complex [77], since Atg11 does not accumulate in the vacuole
[159]. The underlying molecular mechanism of this regulation is still
unknown, but it is plausible that Atg8, which binds the LIR-motif in
Atg19 and Atg34, displaces Atg11 in order to facilitate Cvt-complex
incorporation into the forming Cvt vesicle. Supporting this hypothesis,
the Atg8 and Atg11 binding sites of Atg19 are in very close proximity
(Fig. 4).
3.2.8. Cargo adaptors in selective autophagy of peroxisomes
Peroxisomes are single membrane-bound organelles present in al-
most all eukaryotic cells. Peroxisomes are required for the catabolism
of long fatty acid chains and the detoxiﬁcation of hydrogen peroxide
and other reactive oxygen species, which are formed as by-products
of fatty acid hydrolysis [160]. In addition, peroxisomes have several
taxa-speciﬁc functions [161]. Hence, the number of peroxisomes
within a cell varies widely depending on the intra- and extracellular
environment (between 1 and 20 in yeast and several hundreds to
thousands in mammalian cells), implying that their number needs
to be tightly controlled to adjust peroxisome synthesis and degrada-
tion rates to environmental changes [160]. Selective autophagy
of peroxisomes (pexophagy) constitutes the major pathway for the
degradation of superﬂuous peroxisomes [162]. Pexophagy is best
studied in the methylotrophic yeasts Pichia pastoris [46] and Hansenula
polymorpha [163] and more recently in Saccharomyces cerevisiae [47],
while knowledge in higher eukaryotes is currently very limited [164].
Autophagy-mediated degradation of peroxisomes can be achieved
by two distinct mechanisms: selective macropexophagy (see Fig. 5)
and non-selective micropexophagy [67]. While macropexophagy
involves the formation of autophagosomes, which selectively engulf
peroxisomes, thus targeting them to the vacuole or lysosome,
micropexophagy involves direct uptake of peroxisomes from the cytosol
through cup-shaped vacuolar membrane protrusions. Micropexophagy
does not require autophagosome formation but rather the de novo syn-
thesis of a double membrane structure called the micropexophagy-
speciﬁc membrane apparatus (MIPA). The MIPA emerges from the
PAS and seals the vacuolar sequestering arms eventually leading to the
closure of the membranes surrounding the clustered peroxisomes.
This then results in the delivery of a micropexophagic body to the
vacuolar lumen, where it becomes degraded. In H. polymorpha and
P. pastoris both pathways can be selectively triggered by varying growth
medium composition after induction of peroxisome proliferation.
In P. pastoris transfer from methanol to glucose-containing medium
results in micropexophagy, while transfer to ethanol or nitrogen-
depleted starvation medium induces macropexophagy [46]. In contrast,
inH. polymorpha selectivemacropexophagy is induced by culturing cells
in either glucose- or ethanol-containing medium, while non-selective
micropexophagy has only been observed upon nitrogen-depletion
[160,165]. In S. cerevisiae micropexophagy has not been observed and
macropexophagy is induced by transferring cells from methanol- or
oleate-containing medium to glucose-containing, nitrogen-depleted
starvation medium [47,166].
Recently, two pexophagy cargo adaptors — Atg30 and Atg36 —
were identiﬁed in P. pastoris and S. cerevisiae, respectively [46,47].
However, both proteins do not share any signiﬁcant sequence simi-
larity and are only conserved in a small subset of yeast species.
The identity of the peroxisomal protein targeted by Atg30 and
Atg36 has long been elusive. Both integral membrane proteins Pex3
and Pex14 have been implicated to function in pexophagy in
H. polymorpha and P. pastoris [46,167–169]. Dissecting the precise
role of Pex3 and Pex14 in pexophagy has been difﬁcult, since deletion
of either gene results in peroxisome biogenesis defects [167] and
in the case of Pex3 also in peroxisome segregation defects [170].
However, recent studies in S. cerevisiae unambiguously showed that
the target of Atg36 in pexophagy is solely Pex3. This was achieved
by using a pex3 allele (pex3-177) which is defective in pexophagy
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Fig. 5. Overview of pexophagy in yeast (left; light gray) and higher eukaryotes (right; dark gray). For a detailed description see main text (Section 3.2.8). White dashed lines
indicate interactions observed by afﬁnity puriﬁcation but not by yeast two hybrids. There is currently no experimental evidence for an Atg30–Atg8 interaction (white line with
question mark).
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autophagy machinery could be successfully reprogrammed to target
mitochondria instead of peroxisomes in an Atg36-dependent manner
by artiﬁcially localizing Pex3 to the outer mitochondrial membrane
[47]. The C-terminal cytosolic domain of Pex3 recruits Atg36 which,
consistent with its function as a cargo adaptor, binds both Atg8 and
Atg11 upon induction of pexophagy, thus linking peroxisomes to
the forming autophagosomal membrane [47] (Fig. 5).
There are eight potential LIR-motif sequences in Atg36, but only two
are conserved in all Atg36 homologs (S. cerevisiae, Zygosaccharomyces
rouxii, Lachancea thermotolerans and Eremothecium gossypil Atg36):
215-FDDI-218 and 282-WTLL-285.While the latter was experimentally
shown not to function as a LIR-motif [47], the former is currently
untested and is a promising candidate, since in addition to the consen-
susmotif it also contains an acidic amino acid preceding the LIR-motif in
the−3 position and two acidic residues at the +1 and +2 positions.Although Atg36 is phosphorylated under both peroxisome prolif-
eration and pexophagy inducing conditions, phosphorylation appears
to increase upon pexophagy induction [47]. Interestingly, Atg36
seems to be differentially posttranslationally modiﬁed under both
conditions, since phosphatase treatment does not result in the same
mobility shift [47]. This raises the question of whether other post-
translational modiﬁcations apart from phosphorylation might play a
role in the induction of pexophagy. As Atg36 and Atg11 preferentially
bind upon pexophagy inducing conditions [47], Atg36 phosphoryla-
tion may directly regulate this interaction, analogous to phosphoryla-
tion of the S. cerevisiae cargo adaptor Atg32 [149] and the P. pastoris
pexophagy adaptor Atg30 [46]. Alternatively, phosphorylation may
regulate the interaction of Atg36 with Atg8 similar to the phosphory-
lation of optineurin [73].
Likewise, the P. pastoris pexophagy adaptor Atg30 also exhibits
strongly enhanced phosphorylation upon induction ofmicropexophagy,
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some proliferation conditions [46]. At least nine different phosphoryla-
tion sites have been identiﬁed in the putative coiled-coil protein Atg30
[46]. However, only mutation of serine 112 abolishes both micro- and
macropexophagy, while phosphorylation of serine 112 is not required
for peroxisomal localization of Atg30 [46]. Phosphorylation of serine
112 has been shown to selectively recruit Atg11, thereby linking
peroxisomes to the pexophagy-speciﬁc PAS [46,171]. In addition to its
phosphorylation-dependent interaction with Atg11, Atg30 interacts
constitutively with Atg17 in an Atg11-independent manner [46], but
the functional relevance of this interaction is unknown. In contrast to
budding yeast Atg36, P. pastoris Atg30 only contains a single putative
LIR-motif, but binding to Atg8 remains to be investigated. In addition
to its interaction with Pex3, Atg30 has also been shown to bind Pex14
in tandem afﬁnity puriﬁcations [46]. However, in contrast to the Pex3
interaction this interaction could not be further conﬁrmed by yeast
two-hybrid analysis [46].
More similar to P. pastoris, pexophagy in the methylotropic
yeast H. polymorpha requires Pex14 and Pex3 but no other compo-
nent of the peroxisomal translocon complex [167–169]. However,
Pex14 rather than Pex3 is suggested to be the direct target of the
autophagic machinery, since Pex3 is removed from peroxisomes
prior to pexophagy in a proteasome-dependent manner [168]. This
is in contrast to ﬁndings in S. cerevisiae and P. pastoris, but consistent
with results in higher eukaryotes (Chinese hamster ovary cells)
where Pex14 has been suggested to bind lipidated LC3 [164]. Since
experimental evidence for a LIR-motif in Pex14 is missing to date, it
is unclear whether this interaction is direct or indirect, and whether
pexophagy in H. polymorpha and higher eukaryotes requires addi-
tional factors.
So far ubiquitination has not been shown to play a role in
pexophagy. However, artiﬁcial ubiquitin fusions to Pex3 and a second
peroxisomal membrane protein Pmp34 are sufﬁcient to target perox-
isomes for degradation even in the absence of pexophagy inducing
conditions, implying that ubiquitination of peroxisomal membrane
components may also result in pexophagy [103].
3.3. Regulation of cargo binding in selective autophagy
In the preceding part of this review we discussed the various
modes of cargo recognition and their regulation in detail. In this
section we will summarize and generalize these ﬁndings and deﬁne
regulatory interfaces that contribute to the regulation and speciﬁcity
of cargo binding in response to a diverse set of intra- and extracellular
stresses. Considering the different cargo recruitment mechanisms
(summarized in Fig. 6A) and the known regulatory mechanisms
that underlie certain types of selective autophagy, we postulate
three interfaces that can be posttranslationally modiﬁed to instruct
the autophagic machinery to selectively target only certain types of
cargo(s) upon sensing the corresponding stress source: (1) the inter-
face between the cargo adaptor and Atg8 or Atg8 family members
(see Section 3.3.1), (2) the interface between the cargo adaptor
cargo binding site and the cargo itself (see Section 3.3.2) and (3)
the yeast speciﬁc interface between the cargo adaptor and Atg11
(see Section 3.3.3).
3.3.1. Regulation of the cargo adaptor–Atg8 interface
To prevent futile degradation of cargo-free cargo adaptors both in
the presence and absence of the corresponding stress conditions, the
cargo adaptor–Atg8 interface needs to be tightly regulated. Such a
regulation may be particularly important if the cargo adaptor forms
a constitutive interaction with its cargo or if the cargo adaptor is
embedded in the membrane of the target organelle (Fig. 6A). For
example, optineurin is phosphorylated immediately N-terminal of
its LIR-motif, which signiﬁcantly increases its afﬁnity for Atg8-like
proteins such as LC3B [73]. Interestingly, phosphorylation can alsonegatively regulate the afﬁnity of cargo adaptors for Atg8-like pro-
teins. For example, phosphorylation of tyrosine 18 in the FUNDC1
LIR-motif by Src kinase has been shown to prevent interaction with
LC3 and GABARAP proteins, and thus selective autophagy of mito-
chondria [101]. Also consistent with a regulatory cargo adaptor–
Atg8 interface is the observation that Atg8 is recruited away from
the PAS to mitochondria upon mitophagy-inducing conditions [90].
The underlying molecular mechanism for the delocalization of Atg8
is, however, unknown and may originate both from posttranslational
modiﬁcations of the LIR-motif of Atg32 or of the LIR-motif binding
site in Atg8 (Fig. 6B). Curiously, Atg8 has been suggested to be heavily
posttranslationally modiﬁed [144,172–176], implying a potentially
novel layer of regulation in selective autophagy.
It is currently largely unknown whether cargo adaptors preferen-
tially bind lipidated or non-lipidated Atg8. There is emerging evidence
in S. cerevisiae that cargo adaptors may indeed preferentially bind
lipidated Atg8, since afﬁnity puriﬁed Atg32 from Atg3-deﬁcient cells
does not efﬁciently pull down accumulating non-lipidated Atg8 [93].
Hence, Atg8 might undergo a conformational change upon lipidation,
explaining selective binding of cargo adaptors to autophagosomal
membranes. However, stable cargo adaptor interactions with recom-
binant non-lipidated Atg8-like proteins have been detected in vitro
[73,85,91], and it will thus be important to directly compare the
binding afﬁnities of cargo adaptors to lipidated and non-lipidated
Atg8.
LipidatedAtg8 is insertedboth in the inner andouter autophagosomal
membrane. However, it is currently unknown whether cargo adaptors
preferentially bind Atg8-PE in the inner autophagosomal mem-
brane and if so how such a preferential binding mode is regulated.
Upon autophagosome closure Atg8-PE is removed from the outer
autophagosomal membrane by Atg4 protease(s) (higher eukary-
otes encode more than one Atg4 homolog) [177]. It is currently un-
known whether Atg4 can still cleave Atg8 from its lipid anchor in
the outer autophagosomal membrane when cargo adaptors are
bound to Atg8-PE. Cleavage of cargo adaptor–Atg8 or even cargo–cargo
adaptor–Atg8 complexes from the outer autophagosomal membrane
may constitute a regulatory mechanism to ensure recycling of Atg8
and cargo adaptors and could establish an important mechanism to en-
hance cargo degradation.
3.3.2. Regulation of the cargo adaptor–cargo interface
In the absence of a regulatory cargo adaptor–Atg8 interface and
in the case of cargo adaptors with binding afﬁnities for a diverse
range of cargos (e.g. p62 and optineurin; see Table 1), it is essential
to regulate the unique cargo adaptor–cargo interface to ensure
speciﬁcity. Theoretically, regulation could both involve posttransla-
tional modiﬁcations and conformational changes, which affect the
cargo or the cargo-binding site on the adaptor (Fig. 6B).
Although phosphorylation of the UBA domain of p62 has been
shown to increase afﬁnity for polyubiquitin chains [114], it is more
likely that speciﬁcity is conferred by different types of cargo
ubiquitination, which is induced in a stress-speciﬁc manner. This
could explain why multiple cargo adaptors can be recruited to the
same ubiquitinated cargo. For instance p62, optineurin and NDP52
all accumulate on ubiquitinated cytosolic bacteria and similarly both
p62 and Nbr1 are recruited to ubiquitinated aggregates. However,
optineurin and NDP52 are most likely excluded from ubiqutinated ag-
gregates, since the polyubiquitin chain linkages formed on aggregates
cannot be efﬁciently recognized by their ubiquitin-binding domains.
Indeed, optineurin and NDP52 localize to different microdomains on
ubiquitinated cytosolic bacteria compared to p62 [42]. Alternatively
NDP52 and optineurin might be recruited to non-cognate cargos, but
fail to promote selective autophagy due to the lack of posttranslational
modiﬁcation on the cargo adaptor–Atg8 interface (e.g. phosphorylation
of the optineurin LIR-motif) in the absence of the cognate stimulus.
Finally, it is possible that inhibitory posttranslational modiﬁcations
AB
Fig. 6. Modes of cargo binding and regulation of cargo recruitment in selective autophagy. A) Classiﬁcation of cargo adaptors depending on their substrate-binding mode. Class Ia
and class Ib cargo adaptors have only been described in yeast (left panel; light gray), while the ubiquitin-dependent class III cargo adaptors are currently only characterized in
higher eukaryotes (right panel; dark gray). There are examples for class II cargo adaptors in both yeast and higher eukaryotes. Class Ia cargo adaptors (e.g. the pexophagy cargo
adaptors Atg30 and Atg36) recognize membrane or membrane-associated proteins (purple), which form part of organelles as for example Pex3. Class Ib cargo adaptors (e.g. the
Cvt cargo adaptors Atg19 and Atg34) function similarly but directly bind cytosolic protein assemblies instead of organelles. Both class Ia and class Ib cargo adaptors bind Atg11
(light blue). Class II cargo adaptors (e.g. Nix and Atg32) are special by being an integral part of the target themselves. Hence, the cargo adaptor–Atg8 interface constitutes the
only regulatory interface in higher eukaryotes, suggesting a tight regulation. Yeast, however, can still regulate the cargo adaptor–Atg11 interface providing two potentially inde-
pendent regulatory interfaces compared to only one in higher eukaryotes. Class III cargo adaptors recognize cargos via their attached ubiquitin tag. Hence, most cargo adaptors
in higher eukaryotes comprise dedicated ubiquitin-binding domains (see also Table 1). Potential regulatory interfaces are indicated in red. B) Proposed scenarios for the regulation
of cargo binding by posttranslational modiﬁcations (yellow) during selective autophagy. The interface between cargo and cargo adaptor (Interface 1) is predicted to play an impor-
tant role particularly for cargo adaptors, which have multiple targets such as p62 and NDP52. Phosphorylation of the p62 UBA domain increases the afﬁnity for Atg8 family proteins,
while (poly)ubiquitination of cargos signals their lysosomal destruction by recruiting cargo adaptors with ubiquitin-binding domains. A second interface (Interface 2) is formed
between the cargo adaptor and Atg8 or Atg8-like proteins. Phosphorylation of residues surrounding the LIR-motif has been shown to increase the cargo adaptor afﬁnity for Atg8
family proteins in the case of optineurin. Both interfaces 1 and 2 can be regulated simultaneously. The resultant combinations are not depicted. In yeast there is a third interface
(interface 3) between the cargo adaptor and Atg11, which mediates cargo recruitment to the PAS. The cargo adaptor–Atg11 binding site can be phosphorylated (e.g. in Atg32)
to promote Atg11 binding. It is currently unknown whether this interaction can also be regulated by posttranslational modiﬁcations of Atg11 (not shown).
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recognition.
The Cvt pathway provides an interesting example for differential
regulation of cargo binding. The Cvt cargo adaptor Atg19 promotes
preApe1 binding under both nutrient-rich and starvation conditions,
whereas it can only promote Ams1 binding under nutrient-rich
conditions. In order to sustain vacuolar Ams1 levels during starvation,
another cargo adaptor, Atg34, facilitates Ams1 transport to the
vacuole. Based on the Atg19-mediated constitutive transport of
preApe1 to the vacuole, it is likely that the Atg19–preApe1 interface
is not regulated, while the cargo adaptor–Ams1 interface may be
modiﬁed to prevent Ams1 binding by Atg19 during autophagy-
inducing conditions. While the physiological reason for this differ-
ential regulation remains to be explored, it is likely that posttransla-
tional modiﬁcations control Ams1 recruitment during starvation.
3.3.3. Regulation of the cargo adaptor–Atg11 interface
In yeast there is a third interface formed between the cargo adap-
tor and the yeast speciﬁc protein Atg11 (Fig. 6B), which is essential
for selective autophagy [47,93]. In S. cerevisiae it has been shown
that the cargo adaptor Atg32 becomes phosphorylated during
mitophagy-inducing conditions, which promotes Atg11 recruitment
to the cargo adaptor and in turn leads to the recruitment of the
cargo adaptor–cargo complex to the PAS [149]. Available evidence
suggests that Atg11 recruitment is coupled to cargo adaptor–cargo
complex formation. Indeed, phosphorylation of the pexophagy
adaptor Atg30–Atg11 binding site only takes place in the context
of peroxisome binding, implying that the regulating kinase is asso-
ciated with the corresponding cargo, constituting a positive feed-
back loop. Such conditional phosphorylation prevents cargo-free
cargo adaptor transport to the PAS and the subsequent degradation
of idle cargo adaptors [157]. There is no evidence to date that Atg11
itself contains a functional LIR-motif. However, Atg11 has been
shown to bind the Atg1 kinase, which in turn binds Atg8 [85–87]
and might thus facilitate cargo adaptor–cargo complex recruitment
to the PAS. Once at the PAS, Atg11 is thought to dissociate from
the cargo adaptor–cargo complex as Atg11 is not degraded in the
vacuole [159].
4. Crosstalk between autophagy and the
ubiquitin–proteasome system
As both proteasomal- and autophagy-mediated protein degrada-
tion use ubiquitin as an important substrate recognition signal, these
major cellular protein degradation pathways share the ubiquitin con-
jugation machinery and downstream ubiquitin recognition modules.
In addition, the two systems were found to communicate in a
much broader system-wide context, and their activities are tightly
coordinated. However, the physiological relevance of proteasome
and autophagy inhibition remains largely unknown. Nevertheless,
understanding the crosstalk between the two degradation systems is
highly relevant for translational research of diseases that originate
from either proteasomal- or autophagy-mediated protein degradation
disorders [75,178].
4.1. How does proteasome inhibition affect autophagy?
Proteasome inhibition has been shown to induce autophagy,
implying that autophagy can act as a compensatory mechanism
upon impairment of proteasomal degradation [179–182].
Proteasome inhibition results in the build up of normally
short-lived regulatory proteins, misfolded proteins and protein aggre-
gates as well as in the accumulation of the precursor form of the tran-
scription factor NF-κB, which is usually processed and thereby
activated by the 26S proteasome [183]. For a long time it was assumed
that accumulation of such proteasomal substrates and the associatedprotein stress accounts for the observed cellular toxicity of proteasome
inhibition. Recently, however, it was found that cells can tolerate the
build up of proteasomal substrates, but not the resulting shortage of
amino acids, particularly cysteine and asparagine [182]. Sustained
amino acid shortage triggers the integrated stress response (reviewed
in [184]), which attenuates protein synthesis and can eventually induce
apoptosis through expression of CHOP. In parallel, the low levels of free
amino acids are sensed by mTORC1, which activates bulk autophagy.
Autophagy was found to contribute to cell survival, since Atg5−/−
cells showed enhanced cell death upon proteasome inhibition [182].
Nevertheless, the pro-survival effect of autophagy was relatively mild,
since proteasome inhibition in wild type cells already resulted in less
than 10% cell viability [182]. This might rationalize previous reports,
which failed to observe increased viability in the presence of functional
macroautophagy [181].
4.2. How does autophagy inhibition affect proteasomal
protein degradation?
Autophagy inhibition has been assumed to only affect the degra-
dation of typical autophagy cargos such as long-lived proteins,
organelles and protein aggregates, and not to interfere with the pro-
cessing of classical ubiquitin-tagged proteasomal substrates. However,
it was recently shown that normally short-lived proteasomal substrates
also accumulate upon long-term inhibition of autophagy [185]. This
leads to the accumulation of important regulatory proteins, such as
p53 and β-catenin, and ubiquitinated protein aggregates, which is
ultimately harmful for the cell. It has been suggested that the delay in
proteasomal protein degradation depends on the cargo adaptor p62,
which is stabilized upon inhibition of autophagy [185]. Interestingly,
decreased proteasomal degradation is not due to direct proteasomal in-
hibition but is rather caused by a delayed delivery of polyubiquitinated
substrates to the 26S proteasome [185]. Importantly, p62 can homo-
or hetero-oligomerize with Nbr1 and other PB1-containing proteins
[115]. The resultant oligomers would comprise multiple UBA domains
and could therefore not only sequester autophagy cargos but also
ubiquitinated proteasomal substrates, thus decreasing their diffusion
rates. Furthermore, the multiple UBA domains of p62 may also shield
the ubiquitin surface, which is normally recognized by the 26S
proteasome ubiquitin receptors Rpn10 and Rpn13 or ubiquitin shuttle
receptors (see Section 2.1 and Fig. 1A). A delay in substrate delivery
rather than direct proteasome inhibition is consistent with the
ﬁnding that ubiquitin-independent substrate degradation by the 26S
proteasome is unaffected in autophagy deﬁcient mice [108]. Further-
more, there is no evidence that the protein expression levels of
proteasomal subunits increase upon autophagy inhibition, suggesting
that the number of 26S proteasomes do not change signiﬁcantly
under these conditions [108].
4.3. Transcriptional regulation
Finally, the ubiquitin–proteasome system (UPS) and autophagy
are co-regulated at the transcriptional level [178,186]. For example,
deactivation of the Akt/PI3K signaling pathway upon glucose starva-
tion leads to activation of the forkhead transcription factor FOXO3,
which upon dephosphorylation can translocate to the nucleus
and upregulate genes whose products are required to facilitate
proteasome- and autophagy-mediated protein degradation [186]. Al-
though both autophagy- and UPS-related genes become upregulated,
autophagy genes show a signiﬁcantly higher increase [186]. Indeed,
FOXO3 has been shown to bind to the promoters of LC3B, GABARAPL1
and Atg12. Thus, autophagy- and 26S proteasome-mediated protein
degradation are partially co-regulated on the transcriptional level to
allow for increased protein degradation and an appropriate cellular
response during stress.
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Recent research at the interface between autophagy and the
ubiquitin–proteasome system has started to unravel the crosstalk
between the two protein degradation systems. Knowledge of this in-
terplay will be important to devise and implement novel strategies
for the treatment of autophagy-related diseases and to better under-
stand the cellular responses caused by treating cancer patients with
proteasome inhibitors such as bortezomib. Moreover, it will be inter-
esting to examine whether autophagy can also selectively eliminate
proteasomes under certain conditions, thereby regulating proteolysis
rates in the cell by a novel mechanism. Future autophagy research
will also shine light on the regulatory mechanisms underlying cargo
adaptor and cargo binding during selective autophagy. Moreover, it
will be interesting to understand whether protein ubiquitination —
a common denominator for substrate recognition in both systems —
may also have additional roles in autophagy apart from marking
selective autophagy cargos.
Acknowledgements
We thank members of the Peter lab, Oliver Schmidt and Alicia
Smith for critical reading of the manuscript. Anne Schreiber is funded
by a grant from the European Research Council (ERC). Work in the
Peter laboratory is further supported by the Swiss National Science
Foundation (SNF), SystemsX.ch and the ETH Zurich. MP is a member
of the Competence Center for Systems Physiology and Metabolic
Diseases (CC-SPMD).
References
[1] J.D. Rabinowitz, E. White, Autophagy and metabolism, Science 330 (2010)
1344–1348.
[2] M. Bochtler, L. Ditzel, M. Groll, C. Hartmann, R. Huber, The proteasome, Annu.
Rev. Biophys. Biomol. Struct. 28 (1999) 295–317.
[3] C.K. Chuang, B. Rockel, G. Seyit, P.J. Walian, A.-M. Schönegge, J. Peters, P.H.
Zwart, W. Baumeister, B.K. Jap, Hybrid molecular structure of the giant protease
tripeptidyl peptidase II, Nat. Struct. Mol. Biol. 17 (2010) 990–996.
[4] O. Demirel, I. Jan, D. Wolters, J. Blanz, P. Saftig, R. Tampé, R. Abele, The lysosomal
polypeptide transporter TAPL is stabilized by the interaction with LAMP-1 and
LAMP-2, J. Cell Sci. 125 (Pt18) (2012) 4230–4240.
[5] J. Peng, D. Schwartz, J.E. Elias, C.C. Thoreen, D. Cheng, G. Marsischky, J. Roelofs, D.
Finley, S.P. Gygi, A proteomics approach to understanding protein ubiquitination,
Nat. Biotechnol. 21 (2003) 921–926.
[6] P. Xu, D.M. Duong, N.T. Seyfried, D. Cheng, Y. Xie, J. Robert, J. Rush, M.
Hochstrasser, D. Finley, J. Peng, Quantitative proteomics reveals the function of
unconventional ubiquitin chains in proteasomal degradation, Cell 137 (2009)
133–145.
[7] D. Komander,M. Rape, The ubiquitin code, Annu. Rev. Biochem. 81 (2012) 203–229.
[8] K. Husnjak, I. Dikic, Ubiquitin-binding proteins: decoders of ubiquitin-mediated
cellular functions, Annu. Rev. Biochem. 81 (2012) 291–322.
[9] V. Chau, J.W. Tobias, A. Bachmair, D. Marriott, D.J. Ecker, D.K. Gonda, A.
Varshavsky, A multiubiquitin chain is conﬁned to speciﬁc lysine in a targeted
short-lived protein, Science 243 (1989) 1576–1583.
[10] J.S. Thrower, L. Hoffman, M. Rechsteiner, C.M. Pickart, Recognition of the
polyubiquitin proteolytic signal, EMBO J. 19 (2000) 94–102.
[11] D.S. Kirkpatrick, N.A. Hathaway, J. Hanna, S. Elsasser, J. Rush, D. Finley, R.W. King,
S.P. Gygi, Quantitative analysis of in vitro ubiquitinated cyclin B1 reveals com-
plex chain topology, Nat. Cell Biol. 8 (2006) 700–710.
[12] L. Jin, A. Williamson, S. Banerjee, I. Philipp, M. Rape, Mechanism of ubiquitin-
chain formation by the human anaphase-promoting complex, Cell 133 (2008)
653–665.
[13] M. Groll, L. Ditzel, J. Löwe, D. Stock, M. Bochtler, H.D. Bartunik, R. Huber, Structure
of 20S proteasome from yeast at 24 A resolution, Nature 386 (1997) 463–471.
[14] S. Wilk, M. Orlowski, Evidence that pituitary cation-sensitive neutral endopepti-
dase is a multicatalytic protease complex, J. Neurochem. 40 (1983) 842–849.
[15] M. Groll, M. Bajorek, A. Köhler, L. Moroder, D.M. Rubin, R. Huber, M.H. Glickman,
D. Finley, A gated channel into the proteasome core particle, Nat. Struct. Biol. 7
(2000) 1062–1067.
[16] F. Beck, P. Unverdorben, S. Bohn, A. Schweitzer, G. Pfeifer, E. Sakata, S. Nickell,
J.M. Plitzko, E. Villa, W. Baumeister, F. Förster, Near-atomic resolution structural
model of the yeast 26S proteasome, Proc. Natl. Acad. Sci. U. S. A. 109 (2012)
14870–14875.
[17] P.C.A. da Fonseca, E.P. Morris, Structure of the human 26S proteasome: subunit
radial displacements open the gate into the proteolytic core, J. Biol. Chem. 283
(2008) 23305–23314.[18] G.C. Lander, E. Estrin, M.E. Matyskiela, C. Bashore, E. Nogales, A. Martin, Complete
subunit architecture of the proteasome regulatory particle, Nature 482 (2012)
186–191.
[19] D.M. Smith, S.-C. Chang, S. Park, D. Finley, Y. Cheng, A.L. Goldberg, Docking of the
proteasomal ATPases' carboxyl termini in the 20S proteasome's alpha ring opens
the gate for substrate entry, Mol. Cell 27 (2007) 731–744.
[20] T.G. Gillette, B. Kumar, D. Thompson, C.A. Slaughter, G.N. DeMartino, Differential
roles of the COOH termini of AAA subunits of PA700 (19 S regulator) in asymmetric
assembly and activation of the 26 S proteasome, J. Biol. Chem. 283 (2008)
31813–31822.
[21] C. Riedinger, J. Boehringer, J.-F. Trempe, E.D. Lowe, N.R. Brown, K. Gehring,
M.E.M. Noble, C. Gordon, J.A. Endicott, Structure of Rpn10 and its interactions
with polyubiquitin chains and the proteasome subunit Rpn12, J. Biol. Chem.
285 (2010) 33992–34003.
[22] K. Lasker, F. Förster, S. Bohn, T. Walzthoeni, E. Villa, P. Unverdorben, F. Beck, R.
Aebersold, A. Sali, W. Baumeister, Molecular architecture of the 26S proteasome
holocomplex determined by an integrative approach, Proc. Natl. Acad. Sci. U. S. A.
109 (2012) 1380–1387.
[23] P.C.A. da Fonseca, J. He, E.P.Morris,Molecularmodel of the human 26S proteasome,
Mol. Cell 46 (2012) 54–66.
[24] X. Chen, B.-H. Lee, D. Finley, K.J. Walters, Structure of proteasome ubiquitin
receptor hRpn13 and its activation by the scaffolding protein hRpn2, Mol. Cell
38 (2010) 404–415.
[25] J. He, K. Kulkarni, P.C.A. da Fonseca, D. Krutauz, M.H. Glickman, D. Barford, E.P.
Morris, The structure of the 26S proteasome subunit Rpn2 reveals its PC repeat
domain as a closed toroid of two concentric α-helical rings, Structure 20 (2012)
513–521.
[26] G. Tian, S. Park, M.J. Lee, B. Huck, F. McAllister, C.P. Hill, S.P. Gygi, D. Finley,
An asymmetric interface between the regulatory and core particles of the
proteasome, Nat. Struct. Mol. Biol. 18 (2011) 1259–1267.
[27] Y.A. Lam, T.G. Lawson, M. Velayutham, J.L. Zweier, C.M. Pickart, A proteasomal
ATPase subunit recognizes the polyubiquitin degradation signal, Nature 416
(2002) 763–767.
[28] S. Elsasser, R.R. Gali, M. Schwickart, C.N. Larsen, D.S. Leggett, B. Müller, M.T. Feng, F.
Tübing, G.A.G. Dittmar, D. Finley, Proteasome subunit Rpn1 binds ubiquitin-like
protein domains, Nat. Cell Biol. 4 (2002) 725–730.
[29] R. Rosenzweig, V. Bronner, D. Zhang, D. Fushman, M.H. Glickman, Rpn1 and
Rpn2 coordinate ubiquitin processing factors at proteasome, J. Biol. Chem. 287
(2012) 14659–14671.
[30] L. Kaplun, R. Tzirkin, A. Bakhrat, N. Shabek, Y. Ivantsiv, D. Raveh, The DNA
damage-inducible UbL–UbA protein Ddi1 participates in Mec1-mediated degra-
dation of Ho endonuclease, Mol. Cell. Biol. 25 (2005) 5355–5362.
[31] T.A. Gomez, N. Kolawa, M. Gee, M.J. Sweredoski, R.J. Deshaies, Identiﬁcation
of a functional docking site in the Rpn1 LRR domain for the UBA–UBL domain
protein Ddi1, BMC Biol. 9 (2011) 33.
[32] J. Hamazaki, S.-I. Iemura, T. Natsume, H. Yashiroda, K. Tanaka, S. Murata, A novel
proteasome interacting protein recruits the deubiquitinating enzyme UCH37 to
26S proteasomes, EMBO J. 25 (2006) 4524–4536.
[33] R. Rott, R. Szargel, J. Haskin, R. Bandopadhyay, A.J. Lees, V. Shani, S. Engelender,
α-Synuclein fate is determined by USP9X-regulated monoubiquitination, Proc.
Natl. Acad. Sci. U. S. A. 108 (2011) 18666–18671.
[34] N. Shabek, Y. Herman-Bachinsky, S. Buchsbaum, O. Lewinson, M. Haj-Yahya, M.
Hejjaoui, H.A. Lashuel, T. Sommer, A. Brik, A. Ciechanover, The size of the
proteasomal substrate determines whether its degradation will be mediated
by mono- or polyubiquitylation, Mol. Cell 48 (1) (2012) 87–97.
[35] S.C. Boutet, M.-H. Disatnik, L.S. Chan, K. Iori, T.A. Rando, Regulation of Pax3
by proteasomal degradation of monoubiquitinated protein in skeletal muscle
progenitors, Cell 130 (2007) 349–362.
[36] N.V. Dimova, N.A. Hathaway, B.-H. Lee, D.S. Kirkpatrick, M.L. Berkowitz, S.P. Gygi,
D. Finley, R.W. King, APC/C-mediated multiple monoubiquitylation provides an
alternative degradation signal for cyclin B1, Nat. Cell Biol. 14 (2012) 168–176.
[37] J. Takeuchi, H. Chen, P. Cofﬁno, Proteasome substrate degradation requires asso-
ciation plus extended peptide, EMBO J. 26 (2007) 123–131.
[38] S. Prakash, L. Tian, K.S. Ratliff, R.E. Lehotzky, A. Matouschek, An unstructured
initiation site is required for efﬁcient proteasome-mediated degradation, Nat.
Struct. Mol. Biol. 11 (2004) 830–837.
[39] S. Prakash, T. Inobe, A.J. Hatch, A. Matouschek, Substrate selection by the
proteasome during degradation of protein complexes, Nat. Chem. Biol. 5 (2009)
29–36.
[40] T. Inobe, S. Fishbain, S. Prakash, A. Matouschek, Deﬁning the geometry of the
two-component proteasome degron, Nat. Chem. Biol. 7 (2011) 161–167.
[41] T.L.M. Thurston, M.P. Wandel, N. von Muhlinen, A. Foeglein, F. Randow, Galectin
8 targets damaged vesicles for autophagy to defend cells against bacterial inva-
sion, Nature 482 (2012) 414–418.
[42] T.L.M. Thurston, G. Ryzhakov, S. Bloor, N. von Muhlinen, F. Randow, The TBK1
adaptor and autophagy receptor NDP52 restricts the proliferation of ubiquitin-
coated bacteria, Nat. Immunol. 10 (2009) 1215–1221.
[43] R.O. Watson, P.S. Manzanillo, J.S. Cox, Extracellular M. tuberculosis DNA targets
bacteria for autophagy by activating the host DNA-sensing pathway, Cell 150
(2012) 803–815.
[44] A. Orvedahl, R. Sumpter, G. Xiao, A. Ng, Z. Zou, Y. Tang, M. Narimatsu, C. Gilpin,
Q. Sun, M. Roth, C.V. Forst, J.L. Wrana, Y.E. Zhang, K. Luby-Phelps, R.J. Xavier, Y.
Xie, B. Levine, Image-based genome-wide siRNA screen identiﬁes selective
autophagy factors, Nature 480 (2011) 113–117.
[45] K.Wang, D.J. Klionsky, Mitochondria removal by autophagy, Autophagy 7 (2011)
297–300.
179A. Schreiber, M. Peter / Biochimica et Biophysica Acta 1843 (2014) 163–181[46] J.-C. Farré, R. Manjithaya, R.D. Mathewson, S. Subramani, PpAtg30 tags peroxi-
somes for turnover by selective autophagy, Dev. Cell 14 (2008) 365–376.
[47] A.M.Motley, J.M. Nuttall, E.H. Hettema, Pex3-anchored Atg36 tags peroxisomes for
degradation in Saccharomyces cerevisiae, EMBO J. 31 (13) (2012) 2852–2868.
[48] S. Bernales, S. Schuck, P. Walter, ER-phagy: selective autophagy of the endoplas-
mic reticulum, Autophagy 3 (2007) 285–287.
[49] C. Kraft, A. Deplazes, M. Sohrmann, M. Peter, Mature ribosomes are selectively
degraded upon starvation by an autophagy pathway requiring the Ubp3p/Bre5p
ubiquitin protease, Nat. Cell Biol. 10 (2008) 602–610.
[50] D. Gibbings, S. Mostowy, F. Jay, Y. Schwab, P. Cossart, O. Voinnet, Selective
autophagy degrades DICER and AGO2 and regulates miRNA activity, Nat. Cell
Biol. (12) (2012) 1314–1321.
[51] E. Sandilands, B. Serrels, D.G. McEwan, J.P. Morton, J.P. Macagno, K. McLeod, C.
Stevens, V.G. Brunton, W.Y. Langdon, M. Vidal, O.J. Sansom, I. Dikic, S. Wilkinson,
M.C. Frame, Autophagic targeting of Src promotes cancer cell survival following
reduced FAK signalling, Nat. Cell Biol. 14 (2012) 51–60.
[52] F. Cecconi, c-Cbl targets active Src for autophagy, Nat. Cell Biol. 14 (2010) 48–49.
[53] C.-S. Shi, K. Shenderov, N.-N. Huang, J. Kabat, M. Abu-Asab, K.A. Fitzgerald, A.
Sher, J.H. Kehrl, Activation of autophagy by inﬂammatory signals limits IL-1β
production by targeting ubiquitinated inﬂammasomes for destruction, Nat.
Immunol. 13 (2012) 255–263.
[54] C. Pohl, S. Jentsch, Midbody ring disposal by autophagy is a post-abscission
event of cytokinesis, Nat. Cell Biol. 11 (2009) 65–70.
[55] T.-C. Kuo, C.-T. Chen, D. Baron, T.T. Onder, S. Loewer, S. Almeida, C.M. Weismann,
P. Xu, J.-M. Houghton, F.-B. Gao, G.Q. Daley, S. Doxsey, Midbody accumulation
through evasion of autophagy contributes to cellular reprogramming and tu-
morigenicity, Nat. Cell Biol. 13 (2011) 1214–1223.
[56] M.U. Hutchins, D.J. Klionsky, Vacuolar localization of oligomeric alpha-
mannosidase requires the cytoplasm to vacuole targeting and autophagy
pathway components in Saccharomyces cerevisiae, J. Biol. Chem. 276 (2001)
20491–20498.
[57] S.V. Scott, M. Baba, Y. Ohsumi, D.J. Klionsky, Aminopeptidase I is targeted to the
vacuole by a nonclassical vesicular mechanism, J. Cell Biol. 138 (1997) 37–44.
[58] S.V. Scott, A. Hefner-Gravink, K.A. Morano, T. Noda, Y. Ohsumi, D.J. Klionsky,
Cytoplasm-to-vacuole targeting and autophagy employ the same machinery to
deliver proteins to the yeast vacuole, Proc. Natl. Acad. Sci. U. S. A. 93 (1996)
12304–12308.
[59] M. Baba, M. Osumi, S.V. Scott, D.J. Klionsky, Y. Ohsumi, Two distinct pathways for
targeting proteins from the cytoplasm to the vacuole/lysosome, J. Cell Biol. 139
(1997) 1687–1695.
[60] T.M. Harding, A. Hefner-Gravink, M. Thumm, D.J. Klionsky, Genetic and pheno-
typic overlap between autophagy and the cytoplasm to vacuole protein
targeting pathway, J. Biol. Chem. 271 (1996) 17621–17624.
[61] J. Kim, S.V. Scott, M.N. Oda, D.J. Klionsky, Transport of a large oligomeric protein
by the cytoplasm to vacuole protein targeting pathway, J. Cell Biol. 137 (1997)
609–618.
[62] M. Yuga, K. Gomi, D.J. Klionsky, T. Shintani, Aspartyl aminopeptidase is imported
from the cytoplasm to the vacuole by selective autophagy in Saccharomyces
cerevisiae, J. Biol. Chem. 286 (2011) 13704–13713.
[63] K. Suzuki, M. Morimoto, C. Kondo, Y. Ohsumi, Selective autophagy regulates
insertional mutagenesis by the Ty1 retrotransposon in Saccharomyces cerevisiae,
Dev. Cell 21 (2011) 358–365.
[64] D. Mijaljica, M. Prescott, R.J. Devenish, Microautophagy in mammalian cells:
revisiting a 40-year-old conundrum, Autophagy 7 (2011) 673–682.
[65] E. Arias, A.M. Cuervo, Chaperone-mediated autophagy in protein quality control,
Curr. Opin. Cell Biol. 23 (2011) 184–189.
[66] R. Sahu, S. Kaushik, C.C. Clement, E.S. Cannizzo, B. Scharf, A. Follenzi, I.
Potolicchio, E. Nieves, A.M. Cuervo, L. Santambrogio, Microautophagy of cytosolic
proteins by late endosomes, Dev. Cell 20 (2011) 131–139.
[67] D.L. Tuttle, W.A. Dunn, Divergent modes of autophagy in the methylotrophic
yeast Pichia pastoris, J. Cell Sci. 108 (Pt 1) (1995) 25–35.
[68] P. Roberts, S. Moshitch-Moshkovitz, E. Kvam, E. O'Toole, M. Winey, D.S. Goldfarb,
Piecemeal microautophagy of nucleus in Saccharomyces cerevisiae, Mol. Biol. Cell
14 (2002) 129–141.
[69] R. Krick, Y. Muehe, T. Prick, S. Bremer, P. Schlotterhose, E.-L. Eskelinen, J. Millen,
D.S. Goldfarb, M. Thumm, Piecemeal microautophagy of the nucleus requires the
core macroautophagy genes, Mol. Biol. Cell 19 (2008) 4492–4505.
[70] H. Sandoval, P. Thiagarajan, S.K. Dasgupta, A. Schumacher, J.T. Prchal, M. Chen, J.
Wang, Essential role for Nix in autophagic maturation of erythroid cells, Nature
454 (2008) 232–235.
[71] R.L. Schweers, J. Zhang, M.S. Randall, M.R. Loyd, W. Li, F.C. Dorsey, M. Kundu, J.T.
Opferman, J.L. Cleveland, J.L. Miller, P.A. Ney, NIX is required for programmed
mitochondrial clearance during reticulocyte maturation, Proc. Natl. Acad. Sci.
U. S. A. 104 (2007) 19500–19505.
[72] F. Cecconi, B. Levine, The role of autophagy in mammalian development: cell
makeover rather than cell death, Dev. Cell 15 (2008), (14–14).
[73] P. Wild, H. Farhan, D.G. McEwan, S. Wagner, V.V. Rogov, N.R. Brady, B. Richter, J.
Korac, O. Waidmann, C. Choudhary, V. Dötsch, D. Bumann, I. Dikic, Phosphoryla-
tion of the autophagy receptor optineurin restricts Salmonella growth, Science
333 (2011) 228–233.
[74] G. Das, B.V. Shravage, E.H. Baehrecke, Regulation and function of autophagy
during cell survival and cell death, Cold Spring Harb. Perspect. Biol. 4 (2012).
[75] B. Levine, G. Kroemer, Autophagy in the pathogenesis of disease, Cell 132 (2008)
27–42.
[76] U. Nair, D.J. Klionsky, Molecular mechanisms and regulation of speciﬁc and
nonspeciﬁc autophagy pathways in yeast, J. Biol. Chem. 280 (2005) 41785–41788.[77] M.A. Lynch-Day, D.J. Klionsky, The Cvt pathway as amodel for selective autophagy,
FEBS Lett. 584 (2010) 1359–1366.
[78] A.M. Taherbhoy, S.W. Tait, S.E. Kaiser, A.H. Williams, A. Deng, A. Nourse, M.
Hammel, I. Kurinov, C.O. Rock, D.R. Green, B.A. Schulman, Atg8 transfer from
Atg7 to Atg3: a distinctive E1–E2 architecture and mechanism in the autophagy
pathway, Mol. Cell 44 (2011) 451–461.
[79] M. Yamaguchi, K. Matoba, R. Sawada, Y. Fujioka, H. Nakatogawa, H. Yamamoto, Y.
Kobashigawa, H. Hoshida, R. Akada, Y. Ohsumi, N.N. Noda, F. Inagaki, Noncanonical
recognition and UBL loading of distinct E2s by autophagy-essential Atg7, Nat.
Struct. Mol. Biol. 19 (2012) 1250–1256.
[80] J. Geng, D.J. Klionsky, The Atg8 and Atg12 ubiquitin-like conjugation systems
in macroautophagy “protein modiﬁcations: beyond the usual suspects” review
series, EMBO Rep. 9 (2008) 859–864.
[81] S.E. Kaiser, K. Mao, A.M. Taherbhoy, S. Yu, J.L. Olszewski, D.M. Duda, I. Kurinov, A.
Deng, T.D. Fenn, D.J. Klionsky, B.A. Schulman, Noncanonical E2 recruitment by
the autophagy E1 revealed by Atg7–Atg3 and Atg7–Atg10 structures, Nat. Struct.
Mol. Biol. 19 (2012) 1242–1249.
[82] S.B. Hong, B.-W. Kim, K.-E. Lee, S.W. Kim, H. Jeon, J. Kim, H.K. Song, Insights into
noncanonical E1 enzyme activation from the structure of autophagic E1 Atg7
with Atg8, Nat. Struct. Mol. Biol. 18 (2011) 1323–1330.
[83] K. Satoo, N.N. Noda, H. Kumeta, Y. Fujioka, N. Mizushima, Y. Ohsumi, F. Inagaki,
The structure of Atg4B–LC3 complex reveals the mechanism of LC3 processing
and delipidation during autophagy, EMBO J. 28 (2009) 1341–1350.
[84] H. Nakatogawa, J. Ishii, E. Asai, Y. Ohsumi, Atg4 recycles inappropriately lipidated
Atg8 to promote autophagosome biogenesis, Autophagy 8 (2012) 177–186.
[85] . C. Kraft, M. Kijanska, E. Kalie, E. Siergiejuk, S.S. Lee, G. Semplicio, I. Stoffel, A.
Brezovich, M. Verma, I. Hansmann, G. Ammerer, K. Hofmann, S. Tooze, M. Peter,
Binding of the Atg1/ULK1 kinase to the ubiquitin-like protein Atg8 regulates
autophagy, EMBO J. 31 (18) (2012) 3691–3703.
[86] H. Nakatogawa, S. Ohbayashi, M. Sakoh-Nakatogawa, S. Kakuta, S.W. Suzuki, H.
Kirisako, C. Kondo-Kakuta, N.N. Noda, H. Yamamoto, Y. Ohsumi, The autophagy-
related protein kinase Atg1 interacts with the ubiquitin-like protein Atg8 via
the Atg8 family interacting motif to facilitate autophagosome formation, J. Biol.
Chem. 287 (34) (2012) 28503–28507.
[87] E.A. Alemu, T. Lamark, K.M. Torgersen, A.B. Birgisdottir, K. Bowitz Larsen, A. Jain, H.
Olsvik, A. Øvervatn, V. Kirkin, T. Johansen, ATG8 family proteins act as scaffolds for
assembly of the ULK complex: sequence requirements for LC3-interacting region
(LIR) motifs, J. Biol. Chem. 287 (47) (2012) 39275–39290.
[88] C. Kraft, M. Peter, K. Hofmann, Selective autophagy: ubiquitin-mediated recog-
nition and beyond, Nat. Cell Biol. 12 (2010) 836–841.
[89] T. Johansen, T. Lamark, Selective autophagy mediated by autophagic adapter
proteins, Autophagy 7 (2011) 279–296.
[90] K. Okamoto, N. Kondo-Okamoto, Y. Ohsumi, Mitochondria-anchored receptor
Atg32 mediates degradation of mitochondria via selective autophagy, Dev. Cell
17 (2009) 87–97.
[91] V. Kirkin, T. Lamark, Y.-S. Sou, G. Bjørkøy, J.L. Nunn, J.-A. Bruun, E. Shvets, D.G.
McEwan, T.H. Clausen, P. Wild, I. Bilusic, J.-P. Theurillat, A. Øvervatn, T. Ishii, Z.
Elazar, M. Komatsu, I. Dikic, T. Johansen, A role for NBR1 in autophagosomal
degradation of ubiquitinated substrates, Mol. Cell 33 (2009) 505–516.
[92] T. Shintani, W.-P. Huang, P.E. Stromhaug, D.J. Klionsky, Mechanism of cargo
selection in the cytoplasm to vacuole targeting pathway, Dev. Cell 3 (2002)
825–837.
[93] N. Kondo-Okamoto, N.N. Noda, S.W. Suzuki, H. Nakatogawa, I. Takahashi, M.
Matsunami, A. Hashimoto, F. Inagaki, Y. Ohsumi, K. Okamoto, Autophagy-related
protein 32 acts as autophagic degron and directly initiates mitophagy, J. Biol.
Chem. 287 (2012) 10631–10638.
[94] C. He, H. Song, T. Yorimitsu, I. Monastyrska, W.-L. Yen, J.E. Legakis, D.J. Klionsky,
Recruitment of Atg9 to the preautophagosomal structure by Atg11 is essential
for selective autophagy in budding yeast, J. Cell Biol. 175 (2006) 925–935.
[95] H. Yamamoto, S. Kakuta, T.M. Watanabe, A. Kitamura, T. Sekito, C. Kondo-
Kakuta, R. Ichikawa, M. Kinjo, Y. Ohsumi, Atg9 vesicles are an important mem-
brane source during early steps of autophagosome formation, J. Cell Biol. 198
(2012) 219–233.
[96] M. Filimonenko, P. Isakson, K.D. Finley, M. Anderson, H. Jeong, T.J. Melia, B.J.
Bartlett, K.M. Myers, H.C.G. Birkeland, T. Lamark, D. Krainc, A. Brech, H.
Stenmark, A. Simonsen, A. Yamamoto, The selective macroautophagic degrada-
tion of aggregated proteins requires the PI3P-binding protein Alfy, Mol. Cell 38
(2010), (15–15).
[97] V. Deretic, A master conductor for aggregate clearance by autophagy, Dev. Cell
18 (2010) 694–696.
[98] M. Kijanska, M. Peter, Atg1 kinase regulates early and late steps during autophagy,
Autophagy 9 (2012).
[99] M. Yamaguchi, N.N. Noda, H. Nakatogawa, H. Kumeta, Y. Ohsumi, F. Inagaki,
Autophagy-related protein 8 (Atg8) family interacting motif in Atg3 mediates
the Atg3–Atg8 interaction and is crucial for the cytoplasm-to-vacuole targeting
pathway, J. Biol. Chem. 285 (2010) 29599–29607.
[100] N.N. Noda, H. Kumeta, H. Nakatogawa, K. Satoo, W. Adachi, J. Ishii, Y. Fujioka, Y.
Ohsumi, F. Inagaki, Structural basis of target recognition by Atg8/LC3 during
selective autophagy, Genes Cells 13 (2008) 1211–1218.
[101] L. Liu, D. Feng, G. Chen, M. Chen, Q. Zheng, P. Song, Q. Ma, C. Zhu, R. Wang, W. Qi,
L. Huang, P. Xue, B. Li, X. Wang, H. Jin, J. Wang, F. Yang, P. Liu, Y. Zhu, S. Sui, et al.,
Mitochondrial outer-membrane protein FUNDC1 mediates hypoxia-induced
mitophagy in mammalian cells, Nat. Cell Biol. 14 (2012) 177–185.
[102] N. vonMuhlinen, M. Akutsu, B.J. Ravenhill, A. Foeglein, S. Bloor, T.J. Rutherford, S.M.V.
Freund, D. Komander, F. Randow, LC3C, bound selectively by a noncanonical LIRmotif
in NDP52, is required for antibacterial autophagy, Mol. Cell 48 (3) (2012) 329–342.
180 A. Schreiber, M. Peter / Biochimica et Biophysica Acta 1843 (2014) 163–181[103] P.K. Kim, D.W. Hailey, R.T. Mullen, J. Lippincott-Schwartz, Ubiquitin signals
autophagic degradation of cytosolic proteins and peroxisomes, Proc. Natl. Acad.
Sci. U. S. A. 105 (2008) 20567–20574.
[104] B.B. Ravikumar, C.C. Vacher, Z.Z. Berger, J.E.J. Davies, S.S. Luo, L.G.L. Oroz, F.F.
Scaravilli, D.F.D. Easton, R.R. Duden, C.J.C. O'Kane, D.C.D. Rubinsztein, Inhibition
of mTOR induces autophagy and reduces toxicity of polyglutamine expansions
in ﬂy and mouse models of Huntington disease, Nat. Genet. 36 (2004) 585–595.
[105] T. Kamimoto, S. Shoji, T. Hidvegi, N. Mizushima, K. Umebayashi, D.H. Perlmutter,
T. Yoshimori, Intracellular inclusions containing mutant alpha1-antitrypsin Z
are propagated in the absence of autophagic activity, J. Biol. Chem. 281 (2006)
4467–4476.
[106] J. Fortun, W.A. Dunn, S. Joy, J. Li, L. Notterpek, Emerging role for autophagy in the
removal of aggresomes in Schwann cells, J. Neurosci. 23 (2003) 10672–10680.
[107] T. Hara, K. Nakamura, M. Matsui, A. Yamamoto, Y. Nakahara, R. Suzuki-Migishima,
M. Yokoyama, K. Mishima, I. Saito, H. Okano, N. Mizushima, Suppression of basal
autophagy in neural cells causes neurodegenerative disease in mice, Nature 441
(2006) 885–889.
[108] M. Komatsu, S. Waguri, T. Chiba, S. Murata, J.-I. Iwata, I. Tanida, T. Ueno, M.
Koike, Y. Uchiyama, E. Kominami, K. Tanaka, Loss of autophagy in the central
nervous system causes neurodegeneration in mice, Nature 441 (2006) 880–884.
[109] G. Bjørkøy, T. Lamark, A. Brech, H. Outzen, M. Perander, A. Øvervatn, H.
Stenmark, T. Johansen, p62/SQSTM1 forms protein aggregates degraded by
autophagy and has a protective effect on huntingtin-induced cell death, J. Cell
Biol. 171 (2005) 603–614.
[110] M. Komatsu, S. Waguri, M. Koike, Y.-S. Sou, T. Ueno, T. Hara, N. Mizushima, J.-I.
Iwata, J. Ezaki, S. Murata, J. Hamazaki, Y. Nishito, S.-I. Iemura, T. Natsume, T.
Yanagawa, J. Uwayama, E. Warabi, H. Yoshida, T. Ishii, A. Kobayashi, et al.,
Homeostatic levels of p62 control cytoplasmic inclusion body formation in
autophagy-deﬁcient mice, Cell 131 (2007), (15–15).
[111] S. Pankiv, T.H. Clausen, T. Lamark, A. Brech, J.-A. Bruun, H. Outzen, A. Øvervatn,
G. Bjørkøy, T. Johansen, p62/SQSTM1 binds directly to Atg8/LC3 to facilitate
degradation of ubiquitinated protein aggregates by autophagy, J. Biol. Chem. 282
(2007) 24131–24145.
[112] S. Isogai, D. Morimoto, K. Arita, S. Unzai, T. Tenno, J. Hasegawa, Y.-S. Sou, M.
Komatsu, K. Tanaka, M. Shirakawa, H. Tochio, Crystal structure of the
ubiquitin-associated (UBA) domain of p62 and its interaction with ubiquitin,
J. Biol. Chem. 286 (2011) 31864–31874.
[113] S. Geisler, K.M. Holmström, D. Skujat, F.C. Fiesel, O.C. Rothfuss, P.J. Kahle, W.
Springer, PINK1/Parkin-mediated mitophagy is dependent on VDAC1 and
p62/SQSTM1, Nat. Cell Biol. 12 (2010) 119–131.
[114] G. Matsumoto, K.Wada, M. Okuno, M. Kurosawa, N. Nukina, Serine 403 phosphor-
ylation of p62/SQSTM1 regulates selective autophagic clearance of ubiquitinated
proteins, Mol. Cell 44 (2011) 279–289.
[115] T. Lamark, M. Perander, H. Outzen, K. Kristiansen, A. Øvervatn, E. Michaelsen, G.
Bjørkøy, T. Johansen, Interaction codeswithin the family ofmammalian Phox and
Bem1p domain-containing proteins, J. Biol. Chem. 278 (2003) 34568–34581.
[116] Y. Ichimura, T. Kumanomidou, Y.-S. Sou, T. Mizushima, J. Ezaki, T. Ueno, E.
Kominami, T. Yamane, K. Tanaka, M. Komatsu, Structural basis for sorting mech-
anism of p62 in selective autophagy, J. Biol. Chem. 283 (2008) 22847–22857.
[117] A. Rozenknop, V.V. Rogov, N.Y. Rogova, F. Löhr, P. Güntert, I. Dikic, V. Dötsch,
Characterization of the interaction of GABARAPL-1 with the LIR motif of NBR1,
J. Mol. Biol. 410 (2011) 477–487.
[118] A.J. Perrin, X. Jiang, C.L. Birmingham, N.S.Y. So, J.H. Brumell, Recognition of bac-
teria in the cytosol of mammalian cells by the ubiquitin system, Curr. Biol. 14
(2004) 806–811.
[119] M. Cemma, P.K. Kim, J.H. Brumell, The ubiquitin-binding adaptor proteins
p62/SQSTM1 and NDP52 are recruited independently to bacteria-associated
microdomains to target Salmonella to the autophagy pathway, Autophagy 7
(2011) 341–345.
[120] Y.T. Zheng, S. Shahnazari, A. Brech, T. Lamark, T. Johansen, J.H. Brumell, The
adaptor protein p62/SQSTM1 targets invading bacteria to the autophagy path-
way, J. Immunol. 183 (2009) 5909–5916.
[121] T. Kensche, F. Tokunaga, F. Ikeda, E. Goto, K. Iwai, I. Dikic, Analysis of nuclear
factor-κB (NF-κB) essential modulator (NEMO) binding to linear and lysine-
linked ubiquitin chains and its role in the activation of NF-κB, J. Biol. Chem.
287 (2012) 23626–23634.
[122] J.V. Olsen, B. Blagoev, F. Gnad, B. Macek, C. Kumar, P. Mortensen, M.Mann, Global,
in vivo, and site-speciﬁc phosphorylation dynamics in signaling networks, Cell
127 (2006) 635–648.
[123] E.L. Huttlin, M.P. Jedrychowski, J.E. Elias, T. Goswami, R. Rad, S.A. Beausoleil, J.
Villén, W. Haas, M.E. Sowa, S.P. Gygi, A tissue-speciﬁc atlas of mouse protein
phosphorylation and expression, Cell 143 (2010) 1174–1189.
[124] D. Kachaner, J. Filipe, E. Laplantine, A. Bauch, K.L. Bennett, G. Superti-Furga, A.
Israël, R. Weil, Plk1-dependent phosphorylation of optineurin provides a nega-
tive feedback mechanism for mitotic progression, Mol. Cell 45 (2012) 553–566.
[125] S. Morton, L. Hesson, M. Peggie, P. Cohen, Enhanced binding of TBK1 by an
optineurin mutant that causes a familial form of primary open angle glaucoma,
FEBS Lett. 582 (2008) 997–1002.
[126] C.E. Gleason, A. Ordureau, R. Gourlay, J.S.C. Arthur, P. Cohen, Polyubiquitin binding
to optineurin is required for optimal activation of TANK-binding kinase 1 and pro-
duction of interferon β, J. Biol. Chem. 286 (2011) 35663–35674.
[127] G. Ryzhakov, F. Randow, SINTBAD, a novel component of innate antiviral immu-
nity, shares a TBK1-binding domain with NAP1 and TANK, EMBO J. 26 (2007)
3180–3190.
[128] S.J.L. van Wijk, E. Fiskin, M. Putyrski, F. Pampaloni, J. Hou, P. Wild, T. Kensche,
H.E. Grecco, P. Bastiaens, I. Dikic, Fluorescence-based sensors to monitorlocalization and functions of linear and k63-linked ubiquitin chains in cells,
Mol. Cell 47 (2012) 797–809.
[129] A. Orvedahl, S. MacPherson, R. Sumpter, Z. Tallóczy, Z. Zou, B. Levine, Autophagy
protects against Sindbis virus infection of the central nervous system, Cell Host
Microbe 7 (2010) 115–127.
[130] I. Novak, V. Kirkin, D.G. McEwan, J. Zhang, P. Wild, A. Rozenknop, V. Rogov, F.
Löhr, D. Popovic, A. Occhipinti, A.S. Reichert, J. Terzic, V. Dötsch, P.A. Ney, I.
Dikic, Nix is a selective autophagy receptor for mitochondrial clearance, EMBO
Rep. 11 (2010) 45–51.
[131] M. Schwarten, J. Mohrlüder, P. Ma, M. Stoldt, Y. Thielmann, T. Stangler, N.
Hersch, B. Hoffmann, R. Merkel, D. Willbold, Nix directly binds to GABARAP:
a possible crosstalk between apoptosis and autophagy, Autophagy 5 (2009)
690–698.
[132] W.-X. Ding, H.-M. Ni, M. Li, Y. Liao, X. Chen, D.B. Stolz, G.W. Dorn, X.-M. Yin, Nix
is critical to two distinct phases of mitophagy, reactive oxygen species-mediated
autophagy induction and Parkin-ubiquitin-p62-mediated mitochondrial priming,
J. Biol. Chem. 285 (2010) 27879–27890.
[133] D.-F. Suen, D.P. Narendra, A. Tanaka, G. Manfredi, R.J. Youle, Parkin
overexpression selects against a deleterious mtDNA mutation in heteroplasmic
cybrid cells, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 11835–11840.
[134] D. Narendra, A. Tanaka, D.-F. Suen, R.J. Youle, Parkin is recruited selectively to
impaired mitochondria and promotes their autophagy, J. Cell Biol. 183 (2008)
795–803.
[135] J. Park, S.B. Lee, S. Lee, Y. Kim, S. Song, S. Kim, E. Bae, J. Kim, M. Shong, J.-M. Kim, J.
Chung, Mitochondrial dysfunction in Drosophila PINK1 mutants is complemented
by parkin, Nature 441 (2006) 1157–1161.
[136] D.P. Narendra, S.M. Jin, A. Tanaka, D.-F. Suen, C.A. Gautier, J. Shen, M.R. Cookson,
R.J. Youle, PINK1 is selectively stabilized on impaired mitochondria to activate
Parkin, PLoS Biol. 8 (2010) e1000298.
[137] N. Matsuda, S. Sato, K. Shiba, K. Okatsu, K. Saisho, C.A. Gautier, Y.-S. Sou, S.
Saiki, S. Kawajiri, F. Sato, M. Kimura, M. Komatsu, N. Hattori, K. Tanaka,
PINK1 stabilized by mitochondrial depolarization recruits Parkin to damaged
mitochondria and activates latent Parkin for mitophagy, J. Cell Biol. 189
(2010) 211–221.
[138] A. Tanaka, M.M. Cleland, S. Xu, D.P. Narendra, D.-F. Suen, M. Karbowski, R.J.
Youle, Proteasome and p97 mediate mitophagy and degradation of mitofusins
induced by Parkin, J. Cell Biol. 191 (2010) 1367–1380.
[139] Y. Kim, J. Park, S. Kim, S. Song, S.-K. Kwon, S.-H. Lee, T. Kitada, J.-M. Kim, J. Chung,
PINK1 controls mitochondrial localization of Parkin through direct phosphoryla-
tion, Biochem. Biophys. Res. Commun. 377 (2008) 975–980.
[140] D. Sha, L.-S. Chin, L. Li, Phosphorylation of parkin by Parkinson disease-linked
kinase PINK1 activates parkin E3 ligase function and NF-kappaB signaling,
Hum. Mol. Genet. 19 (2010) 352–363.
[141] K. Shiba, T. Arai, S. Sato, S.-I. Kubo, Y. Ohba, Y. Mizuno, N. Hattori, Parkin stabilizes
PINK1 through direct interaction, Biochem. Biophys. Res. Commun. 383 (2009)
331–335.
[142] J.W. Um, C. Stichel-Gunkel, H. Lübbert, G. Lee, K.C. Chung, Molecular interaction
between parkin and PINK1 in mammalian neuronal cells, Mol. Cell. Neurosci. 40
(2009) 421–432.
[143] M.E. Gegg, J.M. Cooper, K.-Y. Chau, M. Rojo, A.H.V. Schapira, J.-W. Taanman,
Mitofusin 1 and mitofusin 2 are ubiquitinated in a PINK1/parkin-dependent
manner upon induction of mitophagy, Hum. Mol. Genet. 19 (2010) 4861–4870.
[144] S.A. Wagner, P. Beli, B.T. Weinert, M.L. Nielsen, J. Cox, M. Mann, C. Choudhary, A
proteome-wide, quantitative survey of in vivo ubiquitylation sites reveals wide-
spread regulatory roles, Mol. Cell Proteomics 10 (2011).
[145] R.A. Hanna, M.N. Quinsay, A.M. Orogo, K. Giang, S. Rikka, Å.B. Gustafsson,
Microtubule-associated protein 1 light chain 3 (LC3) interacts with Bnip3
protein to selectively remove endoplasmic reticulum and mitochondria via au-
tophagy, J. Biol. Chem. 287 (2012) 19094–19104.
[146] Y. Zhu, S. Massen, M. Terenzio, V. Lang, S. Chen-Lindner, R. Eils, I. Novak, I. Dikic,
A. Hamacher-Brady, N.R. Brady, Modulation of serines 17 and 24 in the
LC3-interacting region of Bnip3 determines pro-survival mitophagy versus apo-
ptosis, J. Biol. Chem. 288 (2013) 1099–1113.
[147] T. Kanki, K. Wang, Y. Cao, M. Baba, D.J. Klionsky, Atg32 is a mitochondrial protein
that confers selectivity during mitophagy, Dev. Cell 17 (2009) 98–109.
[148] T. Kanki, D.J. Klionsky, Mitophagy in yeast occurs through a selective mecha-
nism, J. Biol. Chem. 283 (2008) 32386–32393.
[149] Y. Aoki, T. Kanki, Y. Hirota, Y. Kurihara, T. Saigusa, T. Uchiumi, D. Kang,
Phosphorylation of Serine 114 on Atg32 mediates mitophagy, Mol. Biol. Cell 22
(2011) 3206–3217.
[150] M.B. Smolka, C.P. Albuquerque, S.-H. Chen, H. Zhou, Proteome-wide identiﬁca-
tion of in vivo targets of DNA damage checkpoint kinases, Proc. Natl. Acad. Sci.
U. S. A. 104 (2007) 10364–10369.
[151] C.P. Albuquerque, M.B. Smolka, S.H. Payne, V. Bafna, J. Eng, H. Zhou, A
multidimensional chromatography technology for in-depth phosphoproteome
analysis, Mol. Cell Proteomics 7 (2008) 1389–1396.
[152] I. Kissová, M. Defﬁeu, S. Manon, N. Camougrand, Uth1p is involved in the au-
tophagic degradation of mitochondria, J. Biol. Chem. 279 (2004) 39068–39074.
[153] R. Tal, G. Winter, N. Ecker, D.J. Klionsky, H. Abeliovich, Aup1p, a yeast mitochon-
drial protein phosphatase homolog, is required for efﬁcient stationary phase
mitophagy and cell survival, J. Biol. Chem. 282 (2007) 5617–5624.
[154] M. Umekawa, D.J. Klionsky, The cytoplasm-to-vacuole targeting pathway: a his-
torical perspective, Int. J. Cell Biol. 2012 (2012) 142634.
[155] Y. Watanabe, N.N. Noda, H. Kumeta, K. Suzuki, Y. Ohsumi, F. Inagaki, Selective
transport of alpha-mannosidase by autophagic pathways: structural basis for
cargo recognition by Atg19 and Atg34, J. Biol. Chem. 285 (2010) 30026–30033.
181A. Schreiber, M. Peter / Biochimica et Biophysica Acta 1843 (2014) 163–181[156] S.V. Scott, J. Guan, M.U.M. Hutchins, J. Kim, D.J. Klionsky, Cvt19 is a receptor for
the cytoplasm-to-vacuole targeting pathway, Mol. Cell 7 (2001), (11–11).
[157] K. Suzuki, C. Kondo, M. Morimoto, Y. Ohsumi, Selective transport of alpha-
mannosidase by autophagic pathways: identiﬁcation of a novel receptor,
Atg34p, J. Biol. Chem. 285 (2010) 30019–30025.
[158] T. Yorimitsu, D.J. Klionsky, Atg11 links cargo to thevesicle-formingmachinery in the
cytoplasm to vacuole targeting pathway, Mol. Biol. Cell 16 (2005) 1593–1605.
[159] J. Kim, Y. Kamada, P.E. Strømhaug, J. Guan, A. Hefner-Gravink, M. Baba, S.V. Scott,
Y. Ohsumi, W.A. Dunn, D.J. Klionsky, Cvt9/Gsa9 functions in sequestering selec-
tive cytosolic cargo destined for the vacuole, J. Cell Biol. 153 (2001) 381–396.
[160] A. Till, R. Lakhani, S.F. Burnett, S. Subramani, Pexophagy: the selective degrada-
tion of peroxisomes, Int. J. Cell Biol. 2012 (2012) 512721.
[161] L. Pieuchot, G. Jedd, Peroxisome assembly and functional diversity in eukaryotic
microorganisms, Annu. Rev. Microbiol. 66 (2012) 237–263.
[162] S. Yokota, H. Dariush Fahimi, Degradation of excess peroxisomes in mammalian
liver cells by autophagy and other mechanisms, Histochem. Cell Biol. 131 (2009)
455–458.
[163] J.A.K.W. Kiel, J.A. Komduur, I.J. van der Klei, M. Veenhuis, Macropexophagy in
Hansenula polymorpha: facts and views, FEBS Lett. 549 (2003) 1–6.
[164] S. Hara-Kuge, Y. Fujiki, The peroxin Pex14p is involved in LC3-dependent degra-
dation of mammalian peroxisomes, Exp. Cell Res. 314 (2008) 3531–3541.
[165] A.R. Bellu, A.M. Kram, J.A. Kiel, M. Veenhuis, I.J. van der Klei, Glucose-induced
and nitrogen-starvation-induced peroxisome degradation are distinct processes
in Hansenula polymorpha that involve both common and unique genes, FEMS
Yeast Res. 1 (2001) 23–31.
[166] M.U. Hutchins, M. Veenhuis, D.J. Klionsky, Peroxisome degradation in Saccharo-
myces cerevisiae is dependent on machinery of macroautophagy and the Cvt
pathway, J. Cell Sci. 112 (Pt 22) (1999) 4079–4087.
[167] A.R. Bellu, M. Komori, I.J. van der Klei, J.A. Kiel, M. Veenhuis, Peroxisome biogen-
esis and selective degradation converge at Pex14p, J. Biol. Chem. 276 (2001)
44570–44574.
[168] A.R. Bellu, Removal of Pex3p is an important initial stage in selective peroxisome
degradation in Hansenula polymorpha, J. Biol. Chem. 277 (2002) 42875–42880.
[169] T.V. Zutphen, M. Veenhuis, I.J. van der Klei, Pex14 is the sole component of the per-
oxisomal translocon that is required for pexophagy, Autophagy 4 (2008) 63–66.
[170] J.M. Munck, A.M. Motley, J.M. Nuttall, E.H. Hettema, A dual function for Pex3p in
peroxisome formation and inheritance, J. Cell Biol. 187 (2009) 463–471.
[171] T.Y. Nazarko, J.-C. Farré, S. Subramani, Peroxisome size provides insights into the
function of autophagy-related proteins, Mol. Biol. Cell 20 (2009) 3828–3839.
[172] W. Kim, E.J. Bennett, E.L. Huttlin, A. Guo, J. Li, A. Possemato, M.E. Sowa, R. Rad, J.
Rush, M.J. Comb, J.W. Harper, S.P. Gygi, Systematic and quantitative assessment
of the ubiquitin-modiﬁed proteome, Mol. Cell 44 (2011) 325–340.
[173] S.J. Cherra, S.M. Kulich, G. Uechi, M. Balasubramani, J. Mountzouris, B.W. Day,
C.T. Chu, Regulation of the autophagy protein LC3 by phosphorylation, J. Cell
Biol. 190 (2010) 533–539.[174] H. Jiang, D. Cheng, W. Liu, J. Peng, J. Feng, Protein kinase C inhibits autophagy
and phosphorylates LC3, Biochem. Biophys. Res. Commun. 395 (2010) 471–476.
[175] H. Molina, D.M. Horn, N. Tang, S. Mathivanan, A. Pandey, Global proteomic pro-
ﬁling of phosphopeptides using electron transfer dissociation tandem mass
spectrometry, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 2199–2204.
[176] C. Choudhary, C. Kumar, F. Gnad, M.L. Nielsen, M. Rehman, T.C. Walther, J.V.
Olsen, M. Mann, Lysine acetylation targets protein complexes and co-regulates
major cellular functions, Science 325 (2009) 834–840.
[177] T. Kirisako, Y. Ichimura, H. Okada, Y. Kabeya, N. Mizushima, T. Yoshimori, M.
Ohsumi, T. Takao, T. Noda, Y. Ohsumi, The reversible modiﬁcation regulates
the membrane-binding state of Apg8/Aut7 essential for autophagy and the cyto-
plasm to vacuole targeting pathway, J. Cell Biol. 151 (2000) 263–276.
[178] A. Ucar, S.K. Gupta, J. Fiedler, E. Erikci, M. Kardasinski, S. Batkai, S. Dangwal, R.
Kumarswamy, C. Bang, A. Holzmann, J. Remke, M. Caprio, C. Jentzsch, S.
Engelhardt, S. Geisendorf, C. Glas, T.G. Hofmann, M. Nessling, K. Richter, M.
Schiffer, et al., The miRNA-212/132 family regulates both cardiac hypertrophy
and cardiomyocyte autophagy, Nat. Commun. 3 (2012), (1078–1078).
[179] U.B. Pandey, Z. Nie, Y. Batlevi, B.A. McCray, G.P. Ritson, N.B. Nedelsky, S.L.
Schwartz, N.A. DiProspero, M.A. Knight, O. Schuldiner, R. Padmanabhan, M.
Hild, D.L. Berry, D. Garza, C.C. Hubbert, T.-P. Yao, E.H. Baehrecke, J.P. Taylor,
HDAC6 rescues neurodegeneration and provides an essential link between
autophagy and the UPS, Nature 447 (2007) 859–863.
[180] A. Iwata, B.E. Riley, J.A. Johnston, R.R. Kopito, HDAC6 and microtubules are
required for autophagic degradation of aggregated huntingtin, J. Biol. Chem.
280 (2005) 40282–40292.
[181] H.J. Rideout, I. Lang-Rollin, L. Stefanis, Involvement of macroautophagy in
the dissolution of neuronal inclusions, Int. J. Biochem. Cell Biol. 36 (2004)
2551–2562.
[182] A. Suraweera, C. Münch, A. Hanssum, A. Bertolotti, Failure of amino acid homeo-
stasis causes cell death following proteasome inhibition, Mol. Cell (2012).
[183] V.J. Palombella, O.J. Rando, A.L. Goldberg, T. Maniatis, The ubiquitin–proteasome
pathway is required for processing the NF-kappa B1 precursor protein and the
activation of NF-kappa B, Cell 78 (1994) 773–785.
[184] G. Kroemer, G. Mariño, B. Levine, Autophagy and the integrated stress response,
Mol. Cell 40 (2010) 280–293.
[185] V.I. Korolchuk, A. Mansilla, F.M. Menzies, D.C. Rubinsztein, Autophagy inhibition
compromises degradation of ubiquitin–proteasome pathway substrates, Mol.
Cell 33 (2009) 517–527.
[186] J. Zhao, J.J. Brault, A. Schild, P. Cao, M. Sandri, S. Schiafﬁno, S.H. Lecker, A.L.
Goldberg, FoxO3 coordinately activates protein degradation by the autophagic/
lysosomal and proteasomal pathways in atrophying muscle cells, Cell Metab. 6
(2007), (12–12).
[187] Y. Thielmann, O.H. Weiergräber, J. Mohrlüder, D. Willbold, Structural framework
of the GABARAP–calreticulin interface—implications for substrate binding to en-
doplasmic reticulum chaperones, FEBS J. 276 (2009) 1140–1152.
